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Aerodynamic experinrents with tektite glass demonstrate that, 

subsequent t o  the termination of ablation, high the- stresses are  

formed within a th in  outer shell. This shell spontaneously spalls, 

leavirq a core shaped l i k e  mrgr of the t e k t i t e s  fouud in BiUi t cm,  

Java, Philippines, and Australia. Certain t e k t i t e  f’ragmnts from Java 

and Australia are sham t o  have the same internal s t r e s s  patterns as 

pieces of aerothermal stress shel l .  The over-all evidence indicates 

that the Australasian t ek t i t e s  descended into the atmosphere a s  r igid 

objects of glass. 

Core shapes found in the ex t reE southwest part of A u s t r a l i a  

areas of Australia; comparisons of chemical analyses and of specific 

gravity pupilation polygans reveal tk same st r iking circumstances. It 

is concluded that all Australasian tektites represent a single event. 

A study of tektite forms, i n  relation t o  resu l t s  fraan laboratory 

elrperimnts, indicates that the temperature of formation of primary 

shapes varied progressively across the Australasian strewnfield. The 

*Paper presented at Second International Symposium on Tektites, ktt sburgh, Pennsylvania, Septeniber 5- 7, 1963. 
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sculpture on certain austral i tes  provides a record of tumbling during 

entry into the ear th 's  atmosphere. 

mination of entry t ra jector ies  is discussed, and new evidence is  pre- 

sented pertaining t o  the deceleration which existed when ablation termi- 

nated on the austral i tes .  

The effect  of turning on the deter- 

The trajectory determinations correspond t o  

an origin from the moon. 

Numerous traJectories from the moon t o  earth have been studied with 

a high-speed electronic d i g i t a l  computer. The relat ive probability of 

such t ra jector ies  is  about 1/200 for the moon as a whole, and 1/60 f o r  

certain crater  locations. 

the Australasian tek t i tes  with the earth landing patterns fo r  lunar 

xuaterial ejected within the azimuthal dispersion observed of lunar rays, 

and within the elevational dispersion measured in  hypervelocity impact 

A comparison of the geographical spread of 

experiments, indicates mutual compatibility. .?/()-;-IfOK 

INTRODUCTION 

New evidence pertaining t o  the formation of tek t i tes  has been 

obtained from several different methods of investigation. 

of evidence is based on observations of t ek t i t e s  made during a f i e l d  

t r i p  i n  Sept. - Dec. 1962 t o  Australia, Indonesia, southeast Asia, and 

the Philippines. In order t o  provide a basis fo r  interpreting t h i s  

observational evidence, various laboratory experiments and analytical  

investigations have been conducted. 

encountered by tek t i tes  during entry into the atmosphere. 

siderable body of physical evidence has pointed t o  t ra jector ies  coming 

d i rec t ly  from the  moon as the path of t e k t i t e  f l i gh t  (Chapman and Larson, 

One source 

These pertain mainly t o  phenomena 

Since a con- 
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1963) canputations have been mside of a number of such tradeetories 

startlng fram various places on the moon. These rather a v e r s e  topics - 
f l e l d  observations, labaplgtoay aeroayaamic experiments, and moon-earth 

trajectory calculatione - are described in separate pmrts of this paper. 

Ammg the mmy different gr-8 of Australasian tektites, only the 

australites and javanites heretofore have been proven t o  exhibit unmis- 

takable aeroaynamic evidence. Since these two @oups comprise less than 

10 percent of the Australasian tektites, an hportant question arises as 

t o  why the vast mcl;iarity of these tektites does not exhibit equally plain 

aerodynamic evidence. The apparent absence of ablation markings on tek- 

t i t e s  f'ran the Philippines, southeast Asia, and Bil l i ton has led sogpe 

sc ien t i s t s  t o  pres- that these tektites, mUke  the aus t ra l i tes  and 

javanitee, were not ablated as  r i g i d  bodies during a hypervelocity 

descent i n to  the atmosphere; and, hence, must have been farmed same- 

where near the narthern areas of the strewnf'ield rather than far away. 

Consequently, it w&s me of the principal objectives of the f i e l d  t r i p  

t o  lo& for aerodynamic evidence on t e k t i t e s  frun these areas. 

&am observations that a certain type of tektite core is found 

throughout Australasia, a bad was obtained on the form which aerody- 

aamic evidence takes on such tekt i tes .  

evidence mare t h o r e ,  various thin sections were sliced f r m t e k t i t e s  

and fram models ablated by aerodynanic heating. 

as developed in part I of this paper, provides an explanation of what has 

happened t o  the aeroaynamic evldence on t e k t i t e  cores. basmuch as these 

results lead t o  a uuified picture of rigid-body ablation on all of the 

t e k t i t e s  scattered f r o a n  Australia t o  the Philippines, vasious ather evidence 

In order t o  Investigate t h i s  

A study of these sections, 
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i s  discussed in parti I which pertains t o  the unity of the Australasian 

t ek t i t e s .  This l a t t e r  evidence i s  drawn fram t e k t i t e  sculpture, chemical 

camposition, and specific gravity papulation pol~gOns 

In  part I1 of this paper, 6- new resu l t s  pertaining t o  the atmos- 

phere entry analysis of austral i tes  are  presented. These resul ts ,  

obtained subsequent t o  a previous publication (ibid.) ,  re la te  t o  the 

effects  of preentry turning on the amount of ablation, the effect  of 

bodfforces on ring-wave spacing, and the effect  of deceleration on flange 

flattening. Such effects have a significant bearing on the determination 

of entry t ra jec tor ies  - and hence origin - of the tek t i tes ;  and their  

inclusion in  the atmosphere-entry analysis enables sharper limitations 

on entry t ra jec tor ies  t o  be obtained than i n  previous investigations. 

The hypathesis of t ek t i t e  o r i g i n  thraugh direct  moon-to-earth 

t ra jec tor ies  has never been enthusiastically received, and numerous 

objections" t o  such an origin have been advanced. But no hypothesis 11 

of t e k t i t e  origin has appeared fully satisfactory,  and the t e k t i t e  lit- 

erature i s  full of objections t o  all suggested origins. 

t ions  appear t o  be baaed nore on intui t ive expectations than on ei ther  

rigorous calculations or experimental observations. 

origin from the moon, two such objections are that the estimated prob- 

a b i l i t y  i s  too low, and the expected geographical distribution is  wrong. 

It i s  the author's view that such an origin has been too hurriedly dis- 

missed on these grounds, especially in a recent paper by Wey (1962). 

Consequently, in order t o  determine whether such objections are a d ,  

numerous calculations on a high-speed electronic d ig i t a l  ccqputer have 

been made of moan-to-earth t ra jector ies .  

par t  I11 of this paper a 

Many such objec- 

I n  the case of direct  

These resu l t s  are presented i n  
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Throughoub t h i s  paper an abbreviation is  used i n  identifying the 

t e k t i t e  collection associated with each specimen individually referred 

to .  

pref-d by one of the following abbreviations: 

A specific tektite is identified by the museum or collection number 

A.M. 

GeMoM 

NoMoV. 

NoA. 

R0G.M. 

S.A.M. 

U.M.G.D. 

UoS .NOM. 

V o K o  

W0A.M. 

Australian Museum, Sydney 

George Baker collection, bklbourne 

Geological and Mining Museum, Sydney 

National Museum of Victoria, Nelbourne 
I 

NASA h s  Research Center, Moffett Field, Calif. 

Rijksmuseum van Geologie en Minerelogie, Leiden 

South Australian Museum, Adelaide 

University of hklbourne Geology Depaztmnt, Melbourne 

W t e d  States National Museum, Washington, D. C. 

von Koenigswald Collection, Zftrecht 

West AustraJ.ian Museum, Perth 

The research described in t h i s  paper includes contributions of many 

individuals t o  whom acknarledgemnt i s  gratefully made. Nmrous t ek t i t e s  

providing the observational data on core sculpture generously were loaned 

by M r .  Duncan Merrilees of the Western Australian Museum, Mr. Lloyd Marshall 

of the D a i l y  News, Perth, Mr. E. D. Henderson of the U. S ,  National Museum, 

and M r . ' C .  J. Overweel of the Rijksmuseum, Leiden. Scane of the t ek t i t e s  

from which thin sections were made were provided by Dr. D. W. P. Corbett 

of the South A u s t r a l i a n  Museum, Mr. R e  0. Chabrs of the Australian 

Museum, M r .  H. P. Whitworth of the Geological and Mning Museum i n  Sydney, 

Professor G. H. R. von Koenigswald of the University of Utrecht, and 

M r .  Roy S .  Clarke, Jr., of the U. S. National Museum. Essential 

I 
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contributions t o  the observational data, the laboratory e x p e r a n t s ,  

and the theoret ical  camputations were mde by various colleagues of 

the author at the Ames Research Center: by Mr. Hazard K. Iarson who 

accompanied the writer on the f i e l d  t r i p  t o  t e k t i t e  collections; by 

Mr. N o m  Zimmerman who conducted the centrifuge experitments on flange 

formation; by Mr. Frank. Centolanzi who conducted the experiments on sur- 

face tension and r a t e  of vaporization of t e k t i t e  glass; by &. George Iee 

who conducted the experiments on prinvzry shape formation; by 

&. Fred M a t t i n g  who assisted with the ablation calcuJ.ation6; and by 

M r .  Donald Gault and Dr. W i l l i a m  Mersman who provided key contributions 

t o  the computational program used in the  studies of moon-earth t ra jec tor ies .  
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PART I - UNITY OF AuslliAIAsIAN 

Unity of Chemistry 

TEXTITES 

Previous studies of the chemical composition of Australasian t e k t i t e s  

are summized i n  the recent papers of Chao (1963) and Schnetzler and 

Plnson (1963). 

t r i e s  have been conpared rather thoroughly, although without a specific 

guide as t o  which areas within Australasia might correspond t o  c m o n  

populations. 

on the map of figure 1. The objective of this section is  t o  compare 

analyses reported i n  the l i t e ra ture  for the Manila Bay t ek t i t e s  w i t h  

analyses for  the austraJl tes  from southwest Australia. 

t i cu l a r  areas have the s e  population polygon of specific gravity 

(Chapman, Iarson, and Scheiber, 1963). 

i s  correct that t e k t i t e s  f ran these  two widely separated areas origi- 

nated from a coxnon batch mixture that was xmlted, disrupted, and then 

widely strewn, it would be anticipated that they a l so  should exhibit a 

common conposition, at  leas t  of the nrrjor chemical elements. 

In these studies t ek t i t e  analyses from different coun- 

The geographic distribution of these t e k t i t e s  is  i l lus t ra ted  

These two par- 

Hence, i f  the interpretation 

Table I presents a canpilation of chemical anslysee pertinent t o  

In the two columna at the l e f t  of this table, the present objective. 

the average of 17 analyses available for Manila Bay t e k t i t e s  i s  caqared  

w i t h  the average of 7 analyses available for aus t ra l i tes  from southwest 

Australia. 

these two t e k t i t e  groups i s  vir tual ly the sane, even though the distance 

between the two areas spans almost the ent i re  Australasian s t r e W i e l d .  

Moreover, th i s  close correspondence of chemistry between Masib and 

It i s  evident that the average major-element chemistry of 
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suuthwest Australia ale0 is reflected i n  individml analyses of t ek t i t e s  

having the same s i l i c a  content, as  pay be seen by caqpazing i n  table I 

the third column representing a BknZla Bay philippinite of 69.3-percent 

silica with the fourth column representing a southwest a u s t r a t e  of 

69.0-percent s i l i ca .  

Manila ,  and 4215 from NulLarbor Plains) were made in the 8- laboratory 

by Schnetzler and plnson. 

Bath of these analyses (3965 from Santa Mesa, 

The observed coincidence of t ek t i t e  chemistry between two widely 

separated loca l i t i e s  which also exhibit coincident papulation polygons 

of specific gravity demonstrates that, among the many distinguishable 

c lusters  which shuwered over the Australasian portion of the globe, a t  

least one was dispersed *om essentially the northern t o  the southern 

extremity of the s t r e w i e l d .  The congruity of t e k t i t e  pcrpulation in 

Mila Bay and suuthwest Australia leads t o  a certain interpretation in 

the light of contrasting differences observed between t e k t i t e  clusters 

found relatively close together i n  Australasia. 

polygons it has been estabushed that  much greater differences c0xxnoxd.y 

exist between the clusters i n  a glven country than between ei ther  south- 

west A u s t r a l i a  and Manila, or between central  Auetralia (Chmlotte Waters) 

and Java. 

odd circumstances: 

which corresponds t o  a Bilica content typical  for southwest Australia, 

differs greatly from a typical analysis firm southeast Australia, yet i s  

strangely close t o  the analysis of a Muong Nong t e k t i t e  i n  Thailand, son? 

7000 km away. 

the Australasian tekti te swarm arrived ne= the ear th  in the form of maw 

&om our p0pUls;tion 

There i s  additional chemical evldence pointing t o  the same 

the chedca l  ~nd .ys is  gtven in table I f o r  Florieton, 

A tentative interpretation of these circumstances i s  that 
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distinguishable clusters,  803113 of which were strung out in  an interrupted 

string-like fashion over lengths comparable t o  the maXinnnn expanee of the 

Australasian fall (the order of several thousand kilomters), while being 

spread i n  width Over dimensions comparable t o  the minlmwm distance between 

loca l i t i e s  which exhibit clearly distinguishable population polygons (the 

order of several hundred k i l ~ m t e r s ) .  

I 

Continuity of Tektite Core Sculpture 
Across Australasia 

A picture of the IIlechanism by which tektite cores were produced has 

been developed frm observations of the formation and behavior of an 

aerotherml stress shell. 

of an entry flight as the front face i s  rapidly cooled t o  temperatures 

below the s t r a in  temperature of t ek t i t e  glass.  

of size,  of entry trajectory,  and of t e k t i t e  catposition, t h i s  she l l  

Such a shel l  i s  produoed in the l a t t e r  stages 

&der cer ta in  conditions 

spontaneously spalls,  leaving a t ek t i t e  core. 

jectory factors affecting the aerothernnrl stresses are considered together 

vith the scbseqAeGt effects  er” prolonged t e r r e s t r i a l  etching, an expla- 

nation is obtained for the existence of a camon type of t e k t i t e  core 

throughout Australasia. 

pretation i s  developed i n  the present section. 

When the aerodynamic t ra -  

An outline of the evidence leading t o  t h i s  inter- 

Aerothermal s t ress  shell.- That severe residual thermal s t resses  

a re  induced within an outer shell under the front face of a t e k t i t e  during 

the latter stage of i t s  descent through the atmosphere may be i l lus t ra ted  

from conputations of the teqperature distribution at various intervals 

of t i m e  a f t e r  aerodynamic ablation terminates. An example i s  presented 

in figure 2 for the following conditions: i n i t i a l  entry velocity 
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V1 = 11 h / s e c ,  i n i t i a l  entry angle 71 = 30° from the horizontal, and 

t ek t i t e  glass of density p = 2.40 gm/cm3. 

as noted elsewhere (Chapman and krson ,  1.963)~ the transport of heat by 

internal  radiation and thermal conduction i s  computed as a function of 

time during the ent i re  entry flight. 

i n  f l ight velocity, atmephere density, flight -path angle, b a l l i s t i c  

drag parameter (m/Cfi, where m = mas, Q = drag coefficient, and 

A = prodected f ronta l  area),  and front surface radius of curvature 

automatically are calculated as a function of time by 8 high-speed digi- 

t a l  computer (lBM 7094) programmed t o  solve shtultaneously the combined 

system of d i f fe ren t ia l  equations of aerodynamic ablation and of t raJec-  

tory motion. 

symmetry, as i l lus t ra ted  i n  figure 2, is characterized by rapid cooling 

of the front  face. For t ek t i t e  glass of density 

temperature is about 650' C (923O K),  and the annealing temperature, 

about 700' C (973' K).  

ature range the temperature variation is large, and the front-face 

surface temperature i n  the particular example i l lus t ra ted  is  cooling 

a t  about 58' C per second - such conditions would induce pronounced 

thermal stresses within a she l l  under the front  surface. Since the 

s t r a in  temperature represents the temperature up t o  which a glass may be 

heated and rapidly cooled without inducing residual s t ra in ,  it is seen 

from figure 2 that the aerothermal s t ress  she l l  would extend in  th i s  par- 

t i c u l a r  example t o  a depth of about 2.4 mm. 

heated well above the annealing temperature and sol idif ies  a t  dimensions 

I n  making such calculations, 

Also, the corresponding variations 

RF 

The post-ablation tMIperature history along the axis of 

p = 2.40, the s t r a in  

When decreasing through this annealing teaper- 

Since the front layer is 
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commensurate wit ,  the relatively cool and r ig id  in te r ior ,  it develops 

tens i le  stresses as it f'urther cools t o  auibient tenperatwe. %nsi le  

stresses in glass, of course, are prone t o  s t ruc tura l  fa i lure .  

The pattern of aerathermal stresses would be compounded with any 

An i n i t i a l  s t ress  pattern is &her s t resses  existing pr ior  t o  entry. 

established when the primary tek t i te  shapes cool i n  space subsequent 

t o  the i r  fusion during formation. 

t ha t  the farmation of essentially undefomd epheres of molten t e k t i t e  

( I t  has been demonstrated previously 

glass, such as represented by s m  of the primssy austral i tes ,  must 

have taken place i n  a ne= vacuum (ibid., pp. 4315-4324) .) Also, a 

localized s t ress  pattern is P o m d  around chemically inhanogeneous 

inclusions and striae bands. In sane tektites the aerothermal s t resses  

are considerably obecured by these other stresses. 

As might be anticipated, the entry angle in to  the atmoephere has an 

important e f fec t  on the thickness of the aerothermal s t ress  she l l  and on 

the magnitude of the residual thermal stresses.  For steep entry the 

duration of heating is  short, the s t ress  shell thin, and the rate of 

coollng rapid. 

i n  figure 2, only for vaxious entry angles, illustrate these circumstances 

( T i  

The resu l t s  of computations similar t o  those presented 

i s  measured reUtive t o  the horizontal; Vi = l l  km/sec). 

Cooling r a t e  of front 
Entry a n g h  Thickness of s t ress  

T i ,  deg shell, ts, mn 

6 
20 
30 . 
45 
90 

4.0 
2.7 
2.4 
2.1 
1.8 

21 
49 
58 
80 

120 
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From these resul ts  it is t o  be expected tha t  the residual aerothermal 

stresses wi l l  increase as the descent becomes steeper. 

t o  note, however, that the results tabulated above and the features 

exhibited by the temperature profiles i n  figure 2 a re  representative 

of tektites of core size, or  of large buttons, but not of small buttons 

o r  lenses. 

descents, the front a d  base heating prof i les  merge, the t ek t i t e  is 

heated throughout t o  temperatures above the s t r a in  temperature, and the 

aerothermal s t r e s s  pattern extends from front  t o  base. Under such c i r -  

cumstances the clear ly  demar-, thin, aerothermal stress she l l  charac- 

t e r i s t i c  of core-size tekt i te8 would not exis t .  

entry would such a she l l  be found on small tekti tes.  

It is  important 

Within a small tek t i te ,  especially f o r  re la t ively shallow 

Only fo r  a very steep 

The thermal stress patterns induced by aerodynamic ablation are 

prominently displayed when a thin section is placed between cross -polarized 

sheets. 

tekti te glass, because such glass is essentially f ree  from secondary 

stresses associated e i ther  w i t h  chemical inhomogeneities o r  w i t h  a first 

period of melting. 

Each section is  a meridional one of constant thickness (0.5 or  1.0 mm), 

oriented so that the relat ive air stream would be from le f t  t o  r igh t .  

Stresses are  revealed by the presence of l i gh t  areas, since unstressed 

glass would appear dark under cross-polarization. Examples in  the top 

row represent synthetic t ek t i t e  glass models ablated by aerodynamic heat- 

ing in  an arc j e t  (a is model STG-2S, b is  SJ-C); while 

examples i n  the lower row represent natural t ek t i tes  (d and e 

Sangiran javanites obtained from G. H. R. von Koenigswald, and f i s  a 

Aerothermal stresses are  clearest  when produced in  synthetic 

Some instructive examples are i l lus t ra ted  i n  figure 3 .  

i s  SJ-E, and c 

are  
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Nullarbor Plains australite obtained from the American Meteorite 

Laboratory). 

base of models a and b remain dark as these sections are rotated i n  

their  own plane; such areas, therefore, have not been stressed by aero- 

dynamic heating. In example a the thickness of the aerothermal stress 

shel l  is seen t o  be about 2 mm, and i n  example b about 3 xu. From the 

observed systematic curving of several striae near the  front face in  the 

upper portion of section b, the liquid layer is seen t o  haw been a f rac-  

t ion of a millimeter thick. Thicknesses of several tenths of a mill imeter 

for  the l iquid layer and several millimeters f o r  the aerothermal stress 

she l l  are typical  for  conditions of t ek t i te  ablation. Section c, i n  

contrast t o  b, exhibits an aerothermal stress pattern throughout i t s  

8 mm depth, sb that i n  th i s  case, there is no clearly demarked stress 

shel l .  The difference between b and c is  due t o  different aerodynamic 

heating conditiom; b was heated a t  a higher rate fo r  a shorter time 

(stagnation enthalpy of 2100 cal/gm f o r  11 sec) than waa 

f o r  20 sec). 

termimted; hence, the slower rate  and longer heating resulted in a 

deeper penetration of the thermalstresses. 

heating pulses a r i se  from steep e n t r y  angles or  high entry velocities, 

and are accompanied by high rates  of cooling following the termination 

of ablation. It f o l l m ,  therefore, tha t  the javanites In figure 3 

defini te ly  have been heated fo r  a shorter tlme during atmospheric entry 

than has the austral i te .  The interpretation of t h i s  resu l t  is  that  the 

javanites entered the atmosphere a t  a steeper angle than the aus t ra l i te .  

It is w o r t a n t  t o  note that the lens-shaped areas a t  the 

c (1700 cal/gm 

They were cooled under similar conditione after ablation 

I n  an entry f l ight  short 



Same variables other than entry angle which affect  the magnitude 

of thermal stresses a,nd the thickness o f t h e  s t ress  she l l  should be rec- 

ognized. For a given modulus of e las t ic i ty ,  the residual thermal stress 

w i l l  increase with an increase either i n  the coefficient, of therm1 expan- 

sion a or the characterist ic dimension L. The s t ress  increases with 

size because the temperature change from annealing t o  ambient temperature 

is.independent of size, while the shrinkage during cooling i s  proportional 

t o  aL. The principal variable affecting a i s  the s i l i c a  content of 

the glass: 

29~10-~ for t e k t i t e  ghss of 80-percent s i l i ca ,  t o  4 W W 7  for 6ppercent 

a(cm/cm OC) increases from N O m 7  for pure s i l i c a  t o  about 

s i l i ca .  Shrbk,qe proportional t o  aL implies that for sufficiently 

s m a l l  tektites the thermal stresses w i l l  be within the strength l imit  of 

the glass, while for sufficiently large t ek t i t e s  they w i l l  exceed that 

for  fracture.  

angle, it i s  t o  be expected, therefore, that large t ek t i t e s  of low s i l i c a  

content descending steeply in to  the atmosphere w i l l  experience SOIE form 

In v i e w  of the ear l ie r  ccpmpents about the e f fec t  of entry 

of spontaneous frae;mentation, or spallation, of the aerothermal s t ress  

shell ;  and that this would extend t o  depths of several miUinreters below 

the surface a t  the stagnation point. 

Natural spalLation leaves core shape and removes principal aero- 

dynamic evidence.- Ample evidence that the aerothermal s t ress  she l l  

spontaneously spal ls  frm core-size t ek t i t e s ,  i s  provided by laboratory 

exper-nts and by t ek t i t e  observations alike.  

ure 4, one-half of the s t ress  shel l  smtimes spalls, leaving a clear 

indication both of the s t ress  shel l  profile and the core shape which 

As i l lus t ra ted  in fig- 

would be produced i f  the remining half of the she l l  a l so  were t o  spa l l  

fram the core. Ehmples of half spallation have been observed in  most 
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of the t e k t i t e  collections i n  Australia. 

represents GOB. 1406, a Port Campbell aus t ra l i te  with RB = 1.2 cm and 

p = 2.37 (approxhateu  80-percent s i l i c a ) .  

that are somewhat Larger than G.B. 1406, or lower i n  s i l i c a  content, the 

spallation is  more complete, and anly sma31 portions of the s t ress  shell ,  

called "indicators" by Fenner, remain attached t o  the core. An excellent 

exaqple of t h i s  i s  provided by S.A.M. 622 i l lus t ra ted  i n  three views i n  

the luwer ruw of figure 5. 

of our models (S!IGl-S) from which f ive pieces of s t r e s s  she l l  spalled. 

This model was ablated at a higher heating rate and for shorter duration 

than the model i n  figure 4 which only  half spalled. 

than S.A.M. 622, such as the three i l l u s t r a t ed  in figure 6, invariably 

reveal that complete spallation occurs: no portion of the aerothermal 

The natural  t ek t i t e  in figure 4 

@ wen-preserved aus t ra l i tes  

Also sham for  purposes of camparison i s  one 

S t i l l  larger t e k t i t e s  

stress she l l  remains attached t o  these large cores. 

l a t i on  would occur e i ther  l a t e  i n  f l i gh t  a f t e r  ablation terminated, or 

upon landing (the larger the size, the greater the terminal velocity of 

fall ,  and the more severe is the impact upon st r iking the easth's  sur- 

face). 

Stress she l l  spal- 

A particularly informative austral i te  core i s  W.A.M. 4455, repre- 

sented i n  three views at  the top of figure 6. This is  the largest  

aus t r a l i t e  ( a 8  gm) examined by the author, and, prior t o  a recent 

f ind of a 238 gm specimen described by Baker (1962) was regarded a s  the 

la rges t  aus t ra l i te  ham.  Two characteristic features of well preserved 

t e k t i t e  cores are exhibited clearly by this  specimen: (1) a sharp equa- 

t o r i a l  rimjproduced when the stress she l l  fractured from the core; and 

(2) an essent ia l ly  diffepent type of sculpture on the opposite faces of 



the lens-like core. 

the face f r a m  which the s t ress  shel l  spalled (view at l e f t  i n  f ig .  6) 

It is  concluded that the many "worm groovest' on 

defini te ly  are the result of prolonged t e r r e s t r i a l  exposure, for such 

grooves are not observed in  any of our e x p e r a n t s  wherein the spalla- 

t i on  is  fresh; and they could not have been produced by aerodynamic 

phencanena, since the ent i re  aerotherinal s t ress  she l l  containing the 

aerodynamic markings - including f l o w  waves and schematically distorted 

s t r i a e  - has spalled away. 

t i ve ly  on the side which faced forward &ring flight, rather than on 

the base, i s  at t r ibuted t o  a selective etching of the spUed  face 

which contains different stresses than the posterior surface which 

That these worm-like grooves occur selec- 

a ,  

did not s p a .  It is  eqphasized that such grooves, which are  cammon 

on b i l l i t d n i t e s  and philippinites,  a r e  a lso cleazly exhibited on scane 

aus t ra l i tes .  The only difference is one of degree, ei ther  i n  preva- 

lence or i n  size of the worm grooves, and t h i s  may be at t r ibutable  

ma in ly  t o  different geological environments during the period of pro- 

longed etching, coupled perhaps with differences i n  angle of entry in to  

the ear th  s atmosphere. 

The principal point i l lustrated by the photographs of three cores 

i n  figure 6 i s  tha t  there i s  no rea l  difference in the external f o r m  

of, or the aerodynamic evidence revealed by, t e k t i t e  cores from ei ther  

Bi l l i ton  (B i n  f ig .  6 ) ,  the Philippines (PI, or Australia (A). 

i s  clear ly  sam? aspect of unity behind the presence of such strikingly 

There 

similar shapes from the southern t o  northern extremities of the 

Australasian strewnfield. 
. 

For a given size &d. s i l i c a  content, cores 



-17- 

without any portion of the a e r o t h e d  s t ress  shell attached are 

apparently universal i n  the Philippines and Bil l i ton,  daminant i n  Java, 

and less prevalent i n  Australia. One interpretation of this,  campatible 

with the aeroaynamic evidence for  lunar origin of the austral l tes ,  I s  

s i n p l y  that the -le of entry of the tekti te ~w&rm was s teeNr  i n  Java 

and regions farther north, than i n  the southern regions. 

circumstances, the aerotbrmal  s t ress  she l l  would have epslled from all 

tektites but those of very small size ( less  than 1 cm, judging from the 

ader such 

javanite evidence); and, being only a few millimeters thick,  this  she l l  

would have been etched in to  dblivion i n  regions such as  Bi l l i ton  and the 

Philippines where the extent of etching, as measured by the width of 

deep U-grooves, typically i s  the order  of 1 or 2 am. 

Xn view cbf the evidence that a shell of several millimeters 

thickness has spalled frm most Australasian tektites, it i s  t o  be 

expected thst fragments of these shells should be found in  those areas 

where t e r r e s t r i a l  etching dnd abrasion have not been too great. Numerous 

f’r~~gm3nts of stress shell are, i n  fact ,  found i n  t e k t i t e  c ~ l 3 . e ~ t . i ~ ~ ~  in 

-4ustralia, especially in t h a t  of the South Australian Museum which 

includes several hundred such fragmnts (many from the Nullarbor Plain).  

The largest  s t ress  she l l  fragnrents that the author has seen, hwever, are 

from m i r a n ,  Java. 

of f ragmnts  obtained frum one individual a t  Sangiran, the three largest  

were found t o  have the same specific gravity (2.4355 +O.OOO5) and t o  f i t  

These are i l lus t ra ted  i n  figure 7. Among a handful 

rmrtually together i n to  a shield-like shell .  

cates  that they spalled from a rather Large t e k t i t e  (fig.  7). 

mat ing  edges exhibited a pronounced etch pattern of internal  s t r iae ,  a s  

The’asselnbly of pieces indi- 

Since the 
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pronounced as on almost any javanite surface, it is  certain that the 

f r w n t a t i o n  took place long ago. 

proximity, and since the wave crests  are sharp on the irregularly 

=shed pattern of aerodynamic f l u w  ridges covering the convex side of 

each fraqpnent, it follows tha t  the fragmentation to& place e i ther  upon 

Since they were found in m u t u a l  

landing, or shortly thereafter,  and t h a t  t e r r e s t r i a l  transportation of 

these javanites could not have been very great. 

Thus far it has been demonstrated from observations of external 

sculpture that the principal aerodynamic evidence is removed frm a 

t e k t i t e  when the s t ress  she l l  spalls. Observations of internal  struc- 

ture  fully confirm t h i s  view, as may be seen from the th in  sections in 

figure 8 which were photographed between cross-polarized sheets. 

crack vis ible  in thin-section a, which was sliced from a model ablated 

by aerodynamic heating, clearly outlines the form spallation has taken 

in this cgse. 

l i t e  fragmnt (S.A.M. 743, Nullarbor Plains) i s  represented by thin- 

section b. Clearly, the pronounced aerathermal s t ress  bands, the 

ring waves, the flanges, and the systematically disturbed s t r i ae ,  all 

are r emmd along with the shel l  when it spalls off. 

corresponds t o  a model of synthetic t ek t i t e  glass that was heated at a 

high r a t e  for  a short t*, and extensively spalled upon being cooled. 

A portion of s t ress  she l l  which spalled has been replaced in i t s  original 

position. This she l l  i s  rather thin and reveals an unusually close spac- 

i n g  between fringes, as would be anticipated for conditions of high 

thermal s t ress .  The dark core shape i s  characterist ic of the lens-like 

The 

A precisely similar f o r m  of spallation f r o m  an a u t r a -  

Thin-section c 
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shape with sharp equatorial rim that  is  found on well preserved t ek t i t e  

cores. 

i n  its own plane between the cross-polarized sheets, it has not been 

stressed appreciably by the aerodynamic heating on the front  face. 

section d i n  figure 8 has been sliced from one of the fragments of jam- 

n i t e  spallation she l l  photographed in  figure 7, and clear ly  reveals tha t  

the characterist ic stress bands associated with aerodynamic heating have 

Since t h i s  core region remains dark as the th in  section is rotated 

Thin- 

been removed w i t h  this  s h e l l  when it spalled off, as have been the waves 

of flow ridges and the t h i n  m e l t  layer just underneath the flow ridges. 

It cannot be expected, therefore, tha t  tekt i te  cores formed by spallation 

w i l l  reveal any direct  aeroaynermic evidence. 

of four such cores, one from Australia, one f r o m  Bi l l i ton Island, and 

two from Isabela, Philippines, as i l lus t ra ted  i n  figure 8, reveal the 

same general pattern of over-all  s t ra in .  Such patterns are not those 

induced by severe aerodynamic heating on the front  face, but may be ei ther  

Meridional th in  sections 

those produced upon cooling i n  space a f t e r  the first heating, or those 

induced by the aeroeynemic heating on the base surface. These mutually 

similar patterns clearly point t o  a cornon history of formation f o r  austra- 

l i t e ,  b i l l i t on i t e ,  and philipplnite cores. 

Continuity of tektite core sculpture.- From observations of many 

thousands of Australasian tek t i tes  it has been concluded (1) that the 

centers of greatest tekt i te  concentration virtually are  useless insofar 

as concerns studies of aerodynamic evidence, o r  even studies of primary 

shapes, and (2 )  that there i s  a systematic progression, or  continuity, 

i n  core sculpture across Australasia. 
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That the greatest  concentrations of tektites have been brought about 

by t e r r e s t r i a l  transportation, and are productive principally of thoroughly 

worn t e k t i t e  pebbles, can be i l lus t ra ted  by the exaslEples of Manila Bay 

and lake Wilson. 

abundance - one per square foot in sam? places (as noted i n  a m=morandum 

The aus t ra l i tes  from Iake Wilson are found in great 

of J. E. Johnson on f i l e  i n  the tektite collection of the South Australian 

Museum). The surface of t h i s  dry lake nuw serves as  a repository for mul- 

t i tudes  of aus t ra l i tes  t ha t  long ago were washed duwh along lines of water 

drainage *an the slapes of the Hmn Range nearby. Thus far the author 

has examined about 1800 specimens from Iake Wilson, a few of which are 

photographed in figure 10; none exhibit evidence of ring waves or flanges. 

A few core-Uke shapes are found, usually with a well worn e q u a t d i a l  

region in place of the sharp rim found in other &ea6 where l i t t l e  trans- 

port has taken place. 

these cores.) 

(Specimen a in f ig .  9 i s  one of the least worn of 

The processes of t e r r e s t r i a l  transport has obliterated 

the direct  aerodynamic evidence of ring wave8 and flanges, as may be 

deduced from the resemblance of most U e  Wilson specimens t o  stream 

worn pebbles. A precisely similarr si tuat ion ex i s t s  in regard t o  the 

Philippine t e k t i t e s  found in extraordinary nmibers around Manila Bay. 

Sane examples from the Ortigas s i t e ,  kindly presented t o  us by 

Mr. Francisco O r t i g a s ,  Jr., are also illustrated in figure 10. Any 

record of aerodynamic evidence that once may have thinly covered the 

surfaces of these philippinites fram M B n i l a  Bay has long since been 

replaced by a record of t e r r e s t r i a l  wear and etching. It i s  evident 

that in making observations of the variations in core sculpturing and 

i n  primary shapes acroes Australasia, loca l i t i es  such as Lake Wilson and 
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Manila Bay can yield l i t t l e  information. 

found at  Isabela are less worn, and are employed h e r e h  f o r  such 

observations. 

In the PhiliMines the tek t i tes  

That there i a  c1 systematic mr ia t ion  across Australasia i n  the types 

of primary core shapes is i f iustrated by the Photographs i n  figure ll. 

Here the side views of 28 different tek t i tes  are gteeented, each of which 

represents a t ek t i t e  cof.6 that is ei ther  round h p h  f o a  o r  nearly 

round. They are exranged in four rm of seven t ek t i t e s  each, of which 

represents 8 tekt i te  core t ha t  is ei ther  round ir i  b h n  form or  nearly 

round. 

from Victoria, southeast Australia, i n  the top row; cores from the extreme 

southwest of Australia in  the second row; cores from Isabela, Philippines, 

i n  the th i rd  raw! aM cores from Bil l i ton rsland i n  the bottom row. 

cores are oriented i n  the attitude corresponding t o  f l i g h t  vertically 

damward with the base a t  the top, and the surface from which the aero- 

thermal s t ress  layer epallied a t  the bottom. 

Australia invariably exhibit a smoothly curved base, forming a segment 

of a sphere i n  many cases. Such r e g u l a r  shapes we indicative of p r i -  

mary formation at  a relatively high temperature, where the glass viscosity 

was suff ic ient ly  low fo r  the weak forces of surface tension t o  contract 

any surface i r regular i t ies  into smoothly round contours pr ior  t o  so l id i -  

f icat ion.  

of these cores does not exhibit a smoothly curved base. 

t h i s  second row encompass a region within about 200 kilometers from 

K u l i n  i n  the southwest portion of western Australia. In th i s  area, 

about two-thirds of the cores exhibit a base surface that is irregularly 

contoured, often somewhat faceted i n  shape. But smoothly and irregularly 

shaped bases alike are truncated by a sharp circumferential rim. 

They are  arranged i n  four rows of seven tek t i te@ each, with cores 

All 

h e  cores f r o m  southeast 

In the second row it is seen that, i n  contrast, the majority 

hca l i t i es  f o r  

Thw, 



-22 - 
l i t t l e  abrasion has taken place on these par t icular  specimens, and the 

irregular contours of the base surface are not t o  be at t r ibuted t o  pro- 

CEGEW of t e r r e s t r i a l  atrtision. X t  is concIu6ed tiit tine primary t ek t i t e  

shapes i n  southwest Australia commonly were rvrther irregular, i n  contrast 

t o  the nearly perfect figures of revolution prevalent i n  southeast A u s -  

tralia. 

content is lower, and the viscosity would be lower f o r  a given tempera- 

tu re  of formation; t h i s  should promote rather than retard the formation 

of smoothly curved primary shapes. Consequently, it follows tha t  the 

temperature of formation of tek t i tes  i n  southwest Australia was lower 

than tha t  i n  southeast Australia. 

Since the average density is higher i n  the southwest, the s i l i c a  

Cores with irregularly curved bases are even more prevalent i n  the 

Philippines and Bil l i ton than i n  southwest Australia. 

200 b i l l i t on i t e s  examined, only two (U.S.N.M. 7761 and A.G.M. st9669, 

second and fourth from left ,  respectively, i n  the fourth row of f ig .  ll) 

exhibited smoothly curved bases; and among several thousand philippinites 

from Isabela, only one such was observed (U.S.N.M. 1915, secmd from 

l e f t  i n  tne th i rd  ruw). On t h i s  basis a quali tative ordering of the 

temperatures of formation has been arrived at, with the highest temper- 

ature i n  southeast Australia, and progressively tower temperatures i n  

southwest Australia, then Billiton, and finally the Philippines. The 

continuity i n  core sculpture across Australasia is evident from the 

examples of figure 11. 

Among about 

It also may be seen i n  figure 11 tha t  the core sculpturing i n  the 

southwest par t  of western Australia more closely resembles tha t  i n  the 

Philippines than tha t  i s  southeast Australia. Campare, fo r  example, 
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the lens-Use cores second f rc tn le f t  i n  rows 2 and 3, and note the close 

s imi lmi ty  of the three southwest aus t ra l i te  cores i n  the right portion 

of ruw 2 with the three philippinite cores jus t  beneath them. 

noted that several navels unmistakably are exhibited on aus t ra l i te  

W.A.M. 12074, sitwted at the extreme right i n  row 2. 

colllpon on philippinites and b i l l i t on i t e s ,  and this s i tuat ion is  para l le l  

It is  

Such navels me 

t o  tha t  previously described i n  re la t ion t o  the worm grooves. 

l a r i t y  in core sculpture observed between tektites from the Philippines 

'and southwest Australia is t o  be viewed i n  the h g h t  of previaus evidence 

The simi- 

of coincident chemistry and of coincident population polygons between 

these 6- two regions; these two widely separated groups of t ek t i t e s  

obviously are f r c a n  separate portions of one and the 8- cluster.  

The qualitative deductions outlined above, of a progressively 

lower temperature of fommtion from the southeast t o  the n&hern por- 

t ions  of the australasian strewnfield, have been substantiated by inde- 

pendent laboratory experiments which enable the deductions t o  be placed 

on an approximate quantitative basis. I n  the far narthweet of the 

strewnfield the dominant shape6 are teardrops and other severely stretched 

forms. Such shapes result when a molten glass maas of very high viscosity 

is disiqpted in to  ~llany ccpqponent blobs as it cools. As part of our proep.am 

of research on t ek t i t e s ,  exper-nts have been performed i n  which a mass 

of molten glass wa6 heated t o  different temgeratures and ejected in to  the 

atmosphere a t  different velocities. These experiments were conducted by 

q y  colleague, Mr. George h e .  

the air a t  a sufficiently low velocity (several m/sec) t ha t  the disruption 

was dominated by surface tension forces rather than aerodynamic pressure 

In one experiment glass was ejected in to  
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- -  

forces. 

suff ic ient ly  high (34 m) that the forms solidifled pAor t o  striking 

the ground. When the glass viscosity was 2.8 poise, the distribution 

The glass wbs ejected out of a tube f'rom a vantage point 

of forms produced was similar t o t h e  distribution of primary aus t ra l i te  

shapes in southeast Australia (Cham and Iarson, 1963). When the 

glass viscosity was 35 poise, however, mostly teardrops were produced, 

and when reduced t o  0.8 poise, almost all spheres were produced. 

circumstances are i l lus t ra ted  i n  figure 12. 

cosity of the fused parent material. producing the southeast Asian tear- 

drops was much higher thao that producing the Victorian aus t ra l i te  

round forms; the corredponding temperature, however, would have been 

only slightly lower. !Thus, for a viscosity of 35 poise, the teqperature 

would be about 2100° C, whereas for  a viscosity of 2.8 poise It would be 

about 2600° C. These rough e s t a t e s  of the teqperatures of formations 

of indochinites and austral i tes ,  'respectively, appear quite reasorietble. 

This indicated trerd Oi 1-r f m t i o n  tenperatuces for  the northern 

ger-kion of Australasia agrees vith the t r e ~ d  &&iced 8bove fkm a36erva- 

t ions  of the progressive variations i n  core shapes across the strewnfield. 

These 

It is  clear that the vis- 

In  summary, thus far, it has been sham that the formation and 

spontaneous spallation of an aerothermal stress she l l  i s  responsible for  

the characterist ic sculpture of Australasian t e k t i t e  cores. 

ton i tes  and philippinites, as w e l l  as aus t ra l i tes  and javanites, a l ike 

Thus, b i l l i -  

have descended in to  the earth 's  atmosphere as rigid glass objects and 

have been sculptured by aerodynamic abh t ion .  The angle of entry was 

steeper in Java than in Australia. The progressive change i n  core shape 
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fran Australia t o  the Philippines is compatible with the change f r o m  

dcaninantly round forms i n  southeast Australia t o  dominantly teardrop 

shapes i n  southeast Asia; both changes indicate that the tenperatwe of 

formation was highest for  the t ek t i t e s  t ha t  f e l l  i n  southeast Australia. 

and lowest for those that f e l l  t o  the nmth i n  the Philippines and south- 

eas t  A s i a .  These circumstances of t e k t i t e  unity across Australasia, com- 

bined with the observation of chemical identity between t e k t i t e s  from 

southwest Australia and the Philippines - the s&m3 two areas which exhibit 

essent ia l ly  congruent population polygons - constitute firm evidence that 

a l l  the Australasian t ek t i t e s  originated i n  a single event. 
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PART I1 - AlMoSWERE ENTRY TRAJECTORIES AND ORIGIN 

In view of the compelling evidence that a single Impact pwduced 

all of the Australasian t ek t i t e s ,  a determination of the origin of any 

portion wou ld  provide the origin for all. It is fortunate that the 

aus t ru tes  which f e l l  i n  southeast A u s t r a U a  were shple figures of 

revolution including III&DY spheres, because such shapes are amenable t o  

quantitative aerodynamic analysis. Ablation in hypervelocity flight 

transfomed these siqple pr- shapes i n to  secondary shapes which 

today exhibit an aerodynamic record that i s  suf'ficiently complete t o  

determine the i r  entry trajectory and, hence, p b c e  of origin. Origi- 

nally, two sources of aeroaynaslic evidence were employed fo r  t ra jectory 

determination: the amount of ablation a t  the stagnation point, and the 

systemtic  distortions of internal striae within a t h i n  layer jus t  

beneath the front face (Chapma, 1960). Subsequently, a th i rd  source of 

evidence was developed, -ly, that given by the spacing between ring 

waves on the *oat face (Chapmn and Larson, 1963) . 
---a 

(i) the ring-wave evidence i s  sharpened through experiments i n  which the 

I n  t h i s  part of the 

y"Fr the --..-J-..m ---..d--.. yrGvruUp a = r v y y d c  e-d&iiee i~ mippbmeiited iii three mys: 

ef fec t  of variable body forces on ring-wave spacing is evaluated; 

( i i )  the ablation evidence i s  refined through observation8 which remove 

any uncertainty about preentry turning; and ( i i i )  a new source of evi- 

dence is  tapped from experim?nts in which a relationship between decel- 

erat ion in  flight and flange shape i s  established. 
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Atmosphere -Entry kridence Provided By Ring-Wave  Spacing 

The resu l t s  of experiments on the aerodynamic ablation of t e k t i t e  

glass (ibid.  , pp. 4329-4331) have shown that the principal variable 

affecting the spacing between r i n g  waves i s  the stagnation-point pres- 

sure p,. 

produced by wind over water: 

are the waves. 

the "wind" over the front  face w i l l  be determined mainly by the stagna- 

Such circumstances are analagous t o  the behavior of waves 

the stronger the wind, the more prevalent 

In  a hypervelocity entry, o r  i n  a laboratory experiment, 

t ion  pressure. 

t i t e  glass are presented i n  figure 13, and clear ly  show that the first 

Ekperimental data from ablation experiments with tek- 

wave forms at a smaller diameter as ps increases. The data are plotted 

i n  terms of the r a t i o  of  f i r s t  wave diameter D1 t o  f ront  surface 

radius of curve;hrre RF. 

under test  conditione which match the actual. velocity and air density 

that exist i n  f l i g h t  at the termination of ablation, as w e l l  as the 

actual. size and material composition of austrdlite buttons. 

It i s  t o  be noted that these data were obtained 

The only 

flisht p a r m t e r  not matcherl ie the ratlo of hoay rorCeE FE (decelera- 

t i o n  force i n  f l i gh t ,  gravitational force i n  the wind tunnel) t o  aero- 

Qmamic forces 

conducted t o  evaluate the dependence of D ~ / R F  on %/FA. Details 

of t h i s  investigation are relegated t o  appendix A, since some aerody- 

namic considerations are involved that may be as uninteresting as they 

are unfamiliar t o  most readers of this journal. 

FA; and a special  experimental investigation has been 

It w i l l  suffice here t o  

mention that, from laboratory ablation experiments i n  which mechanical 

s imi la r i ty  with aus t r a l i t e  f l igh t  conditions has been achieved ( f ig .  14), 
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the effect  of body forces i n  the most extreme case - namly, that i n  which 

8 wL6e &%-brimlike f k a g e  i s  fanz6 - has been skmw tc be e q d m l e n t  

t o  a reduction in stagnation pressure by a factor of about two (f ig .  15). 

The theoretical  foundation for expressing the effect  of body forces i n  

terms of an equivalent factor i n  ps i s  outlined i n  appendix A. 

A t  first it might appear surprising that the decelerational body 

force i n  flight does not exert a greater influence on the ring-wave spac- 

ing. 

that the deceleration is, i n  fac t ,  produced by, and i s  direct ly  propor- 

t iona l  to ,  the stagnation pressure; and that the velocity of ring-wave 

propagation along the ml t  layer is an order of magnitude greater than 

the velocity of the flowing glass layer. In  the region of the stagna- 

t ion  point where the first wave forms, the experiments with glycerine 

glass ablation elbowed the ring-wave velocity at any given distance x 

from the stagnation point t o  be between about 7 and 10 times the cm- 

puted surface velocity I+ of the receding glass layer. Since u(y) i s  

These circumstances becom more uuderstaadable when it is  realized 

neariy an expcmential TuPctinn ami u(oj = %, t i i s  means that t i e  ring- 

wave propagation velocity i s  greater than the man velocity in the l iquid 

hyer by about a factor of between 20 and 28. 

it i s  pictured that the driving forces of the external wind i n  conibination 

with the viscosity and thickness of the liquid layer m e  the major vari- 

ables determinhg ring-wave spacing, and that the perturbations by body 

forces of these relat ively slow movements of t h i s  l iquid layer are not 

of major consequence t o  the relatively fast motion of the wave. 

Under such circumstances 
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With the effects 

the experimental data 

upper and lower l i m i t  

of 

of 

on 

body forces on ring-wave 

figure 13 can be used t o  

diameter evaluated, 

determine both an 

the stagnation pressure which existed at the 

termination of ablation i n  fl ight.  

essary t o  know the range of D ~ / R F  values encountered i n  f l i gh t .  Numer-  

ous measurements of D ~ / R F  have been made on aus t ra l i tes  f r o m  the south- 

west Victoria area. The resu l t s  are presented in figure 16 plot ted as a 

function of the amount of ablation ys determined in a manner described 

subsequently. 

(ys 

whereas a t  the other extreme is a low-ablation group (ys about 0.5 t o  

0.6 cm) corresponding t o  0.6 < D ~ / R F  < 1.0. The D1/@ range f o r  the 

high-ablation portion would correspond t o  p, = 0.3 atm In the absence of 

s ignif icant  body force6 (see fig. 13); but the e f fec t  of decelerstional 

body forces in flight, is t o  reduce D 1  somewhat, and therefore 

psf = 0.3 atm would be an upper limit on the pressure which existed in 

f l i g h t  when ablation terminated on this group. 

forces on t ek t i t e s  corresponds t o  less than a factor of 2.0 i n  pressure 

variation, the value 

pressure f o r  th i s  same high-ablation portion. The D1/R~  range f o r  the 

low-ablation portion, on the other hand, corresponds t o  psf = 0.6 atm as 

an upper l i m i t ,  and 0.3 atm as a lower l i m i t .  

australites, the experimental evidence pertinent t o  t ra jectory determi- 

nation from obsemt ions  of ring-wave spacing s h m ,  therefore, that 

(1) a l l  t ra jector ies  correspond t o  psf < 0.6 atm, and ( 2 )  tha t  the high- 

ablation portion corresponds t o  0.15 < psf < 0.3 atm, and. the low-ablation 

For such a determination it is nec- 

A t  one extreme of the data ir a high ablation group 

about 1.2 cm) corresponding t o  a ring-wave range 0.7 < D l / W  < 1.2 

Since the e f fec t  of body 

ps = 0.15 atm would be a lower l i m i t  on the stagnation 

On the southwest Victoria 
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portion t o  0.3 < psf < 0.6. These conditions on psf are readily 

con-gerteti k t o  liiniting coiiditioiis on the iriith v e ~ o c i t y  

angle 

m d  

y i  of entry in to  the atmosphere, as w i l l  be seen subsequently. 

Atmosphere -Entry Evidence Provided By Austkaiite Geometry 

The most important aeroaynamic quantity determined from study of 

aus t r a l i t e  geometry is the  amrxlnt of ablation tha t  has taken place a t  

the stagnation point. 

dit ions about the entry t ra jectory t o  be computed provided that the shape 

howledge of t h i s  quantity enables cer ta in  con- 

is  a round form, and that during entry it remained in a fixed orientation 

with i t s  axis of symmetry para l le l  t o  the f l i g h t  path. 

are involved here: 

Two complications 

(1) prior  t o  entry, not a l l  round form australites 

were spheres, the only shape f o r  which the amount of ablation readily 

can be deduced; and (2)  pr ior  t o  entry some of the  aus t ra l i tes  were 

turning. 

and Larson, 1963) by measuring - with dial-indicator curvature gages and 

The f irst  of these complications has been circumvented (Chapman 

circuiar-arc templates - the  variation i n  curvature over t'ne base of 

numerous round-form aus t ra l i tes ,  and then compiling data fo r  t ra jectory 

analysis Gnly on those specimens which exhibit essent ia l ly  constant curv- 

ature over the base and which therefore were nearly spherical prior t o  

entry. The second complication has been circumvented by compiling enough 

data corresponding t o  a given aus t ra l i te  area t o  enable a selection t o  

be made of those specimens which either were turning about an axis paral-  

l e l  t o  the f l i g h t  path, or  were not turning a t  al l ,  and whose ablation 

would be the same as tha t  f o r  fixed orientation f l i g h t .  

and reasoning underlying such a selection are outlined i n  this  section. 

The procedure 
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, 

Although most of the aus t ra l i tes  possessed an essent ia l ly  fixed 

or ieztat ion a t  the tw & b t i a n  t e r d x t e d ,  there is decisi."- e ~ L I e a c e  

that some tunibled, s o m  wobbled, and sane flopped during ablative flight. 

This means that many aus t r a l i t e s  probably were slowly turning pr ior  t o  

entry. Australi tes c m o n l y  exhibit beautifully symmetric patterns of 

ring waves on their  f ront ,  and show no superf ic ia l  melt patterns on 

t h e i r  base, thus bearing mute evidence that aerodynamic s t a b i l i t y  in 

most cases had been achieved by the t i m e  ablation terminated i n  flight 

I n  contradistinction, a very small percentage exhibits an i r regular ly  

meshed pattern of waves over most of their  surface, and superf ic ia l  melt 

patterns elsewhere, thus revealing equally cer ta in  evidence that they 

we@ s t i l l  tumbling or wobbling when ablation terminated. 

s t r a t ive  examples of the l a t t e r  are presented in figure 17, where three 

views of ea& specimen are  Shawn. The specinren photographed i n  the top 

row (S.A.M.956 fram central  Australia) i s  covered over i t s  en t i r e  surface 

with an irregular mesh of f l a w  ridges. 

inaicat ion of its orientation when abiation terminated. 

evidently tunibled throughout the ablative phase of its entry. A suffi- 

cient  rate of preentry rotat ion about an axis inclined t o  the  flight 

path would produce such a configuration. The broken dumbbell i n  the 

second row (S.A.M. u81 fran Kingscote, south Australia) and the com- 

Three i l l u -  

J 

Its slight flange provides an 

Tnie specimen 

p le t e  elongate spec-n in the bottom row (S.A.M. 443 from the Halgoorlie 

d i s t r i c t )  provide good examples of preentry turning which was almost, 

but not quite, ARgTDed out when ablation stopped. 

exhibit the irregularly =shed pattern of f l a w  ridges mainly on one 

These two specimens 
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side, the opposite side of which reveals 

shape marred i n  a few places by spots of 

of the shape before entry. 

the contour of the  primary 

melting, but otherwise indicative 

In  addition t o  the  evidence of tumbling or wobbling, as revealed by 

patterns of irregular meshed f l a w  waves, evidence of some other type of 

turning i n  f l i g h t  a lso is  revealed by an unusual type of f l o w  wave pat- 

t e r n  tha t  has been observed. 

waves and other 

i n  figure 18. 

prisingly regular, indicating tha t  both sides faced forward a t  different  

times i n  f l i gh t ,  possibly as a result of a rather sudden flopping a t  sane 

stage during entry. 

Three views of an aus t r a l i t e  with r ing  

f l o w  ridges clearly exhibited on both sides are  presented 

The wave patterns on each side of t h i s  t e k t i t e  are sur- 

If a tektite turns  during entry the maximum depth of ablation is  

grea t ly  reduced. 

elongate specimens of figure 17, the maximum amount of ablation of the 

front  face turns  out t o  be only ys = 0.28 cm for  S.A.M. 1181, and 0.21 cm 

for  S.A.M. 443. On other specimens examined, it i s  only 0.1 cm, but usu- 

ally i s  about 0.2 cm for elongate specimens tha t  were not oriented i n  

flight. 

most buttons (1 cm average for  ys) because turning dis t r ibutes  the  local ly  

severe stagnation-point heating a l l  around the  specimen. Only a small part  

of t h i s  difference i n  ablation (between 0.2 and 1 cm) i s  due t o  the  inher- 

ent difference between ablation of an elongate and of a sphere, since 

stagnation-point heating i s  only 30 percent l e s s  on an elongate than on 

a sphere. The major par t  of the difference i s  a t t r ibuted t o  the f ac t  

that, as an object turns about an a x i s  transverse t o  the f l i gh t  path, 

From measurenrents of the base curvature on the  two 

Depths of ablation of t h i s  magnitude are very much less than on 
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the average heating ra te  at any 

one-fourth t h a t  at  a stagnation 

gradient i s  not always directed 

point on the body would be only about 

.. Doint; mmemri the ave rqe  pessme 

i n  a manner which would consistently 

remove melted glass, as it i s  i n  the case of a fixed orientation, but 

instead i s  reversed intermittently a t  each turning; a lso,  the average 

pressure a t  any point during turning i s  much l e s s  than the stagnation 

pressure. 

ablation on a turning t ek t i t e ,  i n  contrast t o  1 cm on one not turning. 

Consequently, wiless careful attention i s  payed t o  this  problem, con- 

siderable error can be introduced into a determination of the entry 

t ra jectory from a given amount of ablation. 

Adams (1963) and O'Keefe (1963) the complication of preentry turning in 

affecting the amount of ablation has been overlooked. 

!Ihus these circumstances combine t o  produce only 2 mm of 

I n  the investigations of 

It is possible t o  select  f r o m  a sufficiently large sample of teh- 

t i t e s  on which appropriate measuremats have been made, a certain por- 

t i on  for  trajectory analysis tha t  i s  free from uncertainties about pre- 

entry twc+hg= 

Victoria already haw been presented (f ig .  16). 

(a) none of these primary austral i te  spheres were turning i n  a fashion 

affecting abht ion ,  or (b) a t  l eas t  sora? were turning i n  such a fashion. 

If (a)  i s  the case, then any specinaen of the t o t a l  sample can be ana- 

lyzed for  i t s  entry trajectory,  and, i n  particular,  the high-ablation 

portion (ys 

analysis (so also would the luw-ablation portion i n  th i s  event). 

(b) is the case, then those which were turning transverse t o  the flight 

axis  would ablate less ,  and the high-ablation portion would represent 

The a ~ r c ~ r i a t e  mmraemnts m m e  s-wb 6mpI.e fram 

Prior t o  entry, e i ther  

ab& 1.2 cm) would comprise a valid group for  t ra jectory 

If 



those turning para l le l  t o  the f l igh t  axis c d b d  with those not 

turning. Since turning parallel t o t h e  flight path does not have any 

appreciable effect  on the amount of ablation, it follaws that i n  either 

event (a) or (b) the high-ablation portion represents a val id  group for  

which the entry t ra jec tor ies  can be cmputed free from uncertainty about 

preeentry turning. 

l i m i t  on the mount of ablation. 

The law-ablation portion would give only a lawer 

Before presenting results of trajec- 

tory determinations for  both of these groups, hawever, a brief  account 

w i l l  be given of some new exper-ntal evidence pertaining t o  the entry 

t ra jec tor ies  of aus t ra l i te  buttons. 

Atmosphere-Entry Evidence Provided By Flange Shape 

The deceleration forces encountered i n  flight have a major effect  

in determining the flange shape: 

flatter the flange. 

which tend t o  round the flanges. 

suff ic ient ly  high (390 dynes/cm, as measured from sessile drop experi- 

ments a t  the Ames Research Center by MrO Frank Centolanzi) that a drop 

the greater the deceleration the 

These forces are opposed by surface tension forces 

Surface tension of tektite glass i s  

at  1 g readi ly  stands 6 x n  above i t s  supporting surface. Since flanges 

before sol idif icat ion were toroidal drops of tektite glass flattened t o  

the order of 1 mm equivalent height, it follows that the tekti tes were 

experiencing much more than 1 g deceleration when the flange solidified,  

and that the f la tness  of the flange gives a masure of t h i s  deceleration. 

I n  order t o  obtain quantitative values for  the decelerations 

encountered by aus t ra l i te  buttons - and thereby obtain new quantitative 

information on the velocity and angle of entry in to  the atmosphere - some 



experiments pertaining t o  flange shape have been conducted i n  a centrifuge. 

Since a full description of these experiments, which have been Derformed 

by 

which follow into the proportions of a separate paper, only a br ief  accuunt 

i s  given here. 

colleague, M r .  Norman Zimmerman, would s w e l l  the several paragraphs 

The experimental technique that has been developed i s  rather novel, 

A ring of mercury first i s  poured around and requires some explanation. 

the circumf'erence of a spherical segment of metal resting with i t s  base 

on the bottom of a 

catalyst  i s  poured 

constant number of 

a cast  i s  made and 

0 

centrifuge bucket. A mixture of si l icone rubber and 

into the bucket, and the centrifuge then spun at a 

g' s u n t i l  the rubber has set .  

meridionally sectioned t o  reveal the combined pro- 

From the rubber mold 

f i l e  of the spherical segment with i t s  surrounding toroidal flange. A 

quantitative evaluation of the data obtained requires knowledge of the 

surface tension of mercury immersed i n  si l icone rubber, and this is  

determined experimentally by the sessi le  drop method. 

flanges were of the same dimensions as thase on typic81 %ust.rR;lif,esi 

so that a mercury prof i le  formed a t  some particular deceleration value 

G H ~  w o u l d  correspond t o  a tekti te-glass profile formed at a value % 

equal t o  GHg(qIgT/pTa), where T H ~  and % designate, respectively, 

the surface tension and density difference of mercury i n  si l icone rub- 

ber, while T and p designate the corresponding quantities f o r  t ek t i t e  

glass  i n  air. 

The mercury 

The net resu l t  i s  % = 7 @. 
Some flange profiles from the centrifuge experiments are compared 

i n  figure 19 with the prof i le  of an aus t ra l i te  button. 

photographs of f ive meridional sections which i l l u s t r a t e  the progressive 

A t  the l e f t  are 
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flattening of the flange as the body force i n  the centrifuge i s  increased 

from 7 t o  280 g ' s .  mese g values would correspond t o  the deceleration 

of t e k t i t e  glass i n  flight. 

these examples, a tektite-flange profile for  1 g would be expected t o  

By extrapolation of the trend exhibited i n  

be essentially circular; and this is indeed observed i n  our ablation 

experimnts with t e k t i t e  glass. 

fuge experiments d i f f e r  fran those i n  flight i n  one important respect. 

The physical conditions i n  the centri-  

I n  f l ight a supporting base for  the flange melt ex is t s  only inboard of 

the diameter Dc of the lens-shaped core. Outboard of t h i s  d iamter  

the flange can be bent e i ther  upward cr dawrrwa;rd depending on the rela- 

t i v e  magnitude of the aercdymm4.c and deceleration forces in t h i s  outer 

region. 

inmediate region of the inner diameter of the  flange, i s  not signif i -  

The portion of flange inboard of De, and especially i n  the 

cantly af'fected by aercdymmic forces since these are very small in the 

law-pressure region behind the base, and since the solid core provides 

protection from the aerodynamic forces on the front face. Consequently, 

on l l  the inner p&.im of an ew%.rslite f-e c m  be cmpxceC with the  

centrifuge experiments. A t  the right in figure 19 a close-up of t h i s  

region for an aus t ra l i te  button (G.M.M. 8355 from Uralla) i s  compared 

w i t h  the corresponding close-ups f'romthe centrifuge experimnt. It 

is  evident that the degree of flange f h t t e n h g  on this  aus t ra l i te  is  

only slightly l e s s  than the experimental prof i le  fo r  49 g ' s ,  and w o u l d  

be equivalent t o  about 45 g i n  flight. Flanges on aus t ra l i tes  f r o m  

Victoria correspond t o  a samewhat smaller value of about 30 g, which is  

used s-sequently in determining one l i m i t  on the t ra jector ies  of the 

high-ablation portion of Victorian austral i tes .  
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It i s  important t o  observe that the number of g 's  deduced from a 

comparison of t ek t i t e  flange and centrifuge model corresponds t o  the 

deceleration which existed when the flange sol idif ied i n  f l i gh t .  As 

long as ablation i s  proceeding, the flange continually i s  f o r E d  from 

f resh melt and i s  flattened t o  whatever degree is  appropriate for  the 

temporally VaryiDg value of deceleration G. During an entry, G f i rs t  

increases as the tektite descends into increasingly dense layers of air ,  

then reaches a peak, and finally decreases when the  velocity has been 

substantially reduced by the  drag forces. 

in te res t ,  t ek t i t e  glass does not stop ablating unt i l  the peak deceler- 

a t ion i s  passed; and the flange does not sol idify u n t i l  sometime a f t e r  

ablation stops, since it takes a f in i t e  t ime to cool t o  r ig id i ty .  

the final flange shape is f o m d  when the deceleration i s  considerably 

- less than the deceleration Gf which existed at the instant when abla- 

t i o n  terminated. 

fuge experimnts and deducing therefran s m  wlue for  

f i r m  - l m r  limit on Gf. The actual value of cf would be considerably 

higher than the lower Umit so deduced. 

In the velocity range of 

'phus 

Therefore, by camparing australite fLanges with centri- 

Gf we obtain a 

Canbination of Evidence To Deduce Entry Trajectories 
and Tektite b i g i n  

' Computations have been made of the range of i n i t i a l  entry velocity 

V i  and entry angle T i  compatible with the observed amount of abla- 

t i on  on the high-ablation group of Victoria australites. The pertinent 
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physical properties of t ek t i t e  glass have been measured,* and the 

ablation characterist ics as calculated by two independent mthods have 

been shown t o  agree with laboratory exprimente (Chapnm~ and Iarson, 

1963) within a variation of ab& f10 percent in the amount of ablation. 

Such a variation is equivalent t o  that represented by the high-ablation 

group ys = 1.1 cm t o  1.3 cm. 

i n  figure 2O(a) where the shaded regions designate areas in the 

Results of the canputations are presented 

V i ( 7 i )  

plo t  which are excluded a s  being incmpatible with the observed amount 

of ablation. Thus, below about 5 km/sec entry velocity there would be 

no ablation; below and t o  the right of the open corridor there w o u l d  be 

too l i t t l e  ablation; w h i l e  above and t o  the left there would be too much 

ablation. 

range (ys 

(designated 11, ibid.)  which tends t o  yield s l igh t ly  lar velocit ies,  

It i s  noted that the luwer boundary corresponds t o  the lmer 

1.1 cm) of the high-ablation group as conputed by a method 

whereas the upper boundary corresponds t o  the upper range (ys = 1.3 cm) 

of t h i s  grow as computed by a mthod (des-ted I) which tends t o  

yield s l igh t ly  high velocit ies.  Consequently, for any given entry angle 

the corridor so delineated pravides both upper and lower llmlts on the 

entry t ra jec tor ies  of these Victoria australites. 

In  cmputing the amount of ablation it has been a s s ~ l e d  that the 

aus t r a l i t e  prlmxry spheres were cool pr ior  t o  entry into the atmosphere. 

ported t o  represent vapor pressure of t e k t i t e  glass were presented by 
L. Walter. His d u e s  for pv are several orders of magnitude different 
than the values used herein. Accordingly, a brief account of various 
a b h t i o n  e x p e r h ~ n t s  establishing the accuracy of the values used herein 
i s  presented i n  appendix B t o  th i s  paper. It is  sham there that the 
use of Walter’s values would result i n  very large errors  in ablation 
calculations 0 

*At the 8econd International Tektite’Sylllposium some measurements pur- 
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It i s  important t o  recognize that variations i n  the i n i t i a l  tenperature 

do not significantly affect  ablation as long a s  the glass is  cool enough 

t o  be r igid.  Mmy large australite cores have a spherical-se@nent after- 

body' which, from considerations of aerodynamic s tab i l i ty ,  could not be the 

result of deformtion by the aerodynamic forces t o  which they were sub- 

jected. Such cores, therefore, were not soft, but were rigid prior t o  

entry; and the i r  i n i t i a l  temperature 

1200° K, the softening temperature under the deceleration conditions of 

f l ight.  

T i  def ini te ly  was less than about. 

Actually, T i  must have been considerably less than about 920' K, 

the s t r a in  temperature, i n  order t o  have produced spallation-prone tens i le  

s t resses  - rather than conpressional ones - i n  a shell under the front 

face of these cores. That the anount of ablation is  not significantly 

affected by variations i n  T i  

i s  illustrated by the following CalcULations (for 

i n  the range below the s t r a in  temperature, 

7 i  = 45', V i  =. ll km/sec, 

Ro = 1.5 cm): 

I n i t i a l  teqperature Amount of ablation 
T i t  OK Ys,  c a  

0.74 . 80 
.88 
1.01 

Since the buttons analyzed herein are smaller than the cores, they would 

have been even cooler upon entry, and certainly cool enough that a knowl- 

edge of t he i r  exact i n i t i a l  temperature i s  unimportant t o  the determina- 

t i o n  of entry t ra jec tor ies  f r o m  the observed amount of ablation. 

Ablation data alone do not determine an entry trajectory.  A s  i s  

evident from figure 20(a), the entry velocity may be as l o w  as 8 km/sec 
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I -  

i f  the fl ight path is  essent ia l ly  horizontal ( s in  Y i  = O ) ,  or  greater 

than 20 km/sec if it i s  ver t ica l  (sin T i  = l), and s t i l l  be compatible 

with the observed amount of ab la t ion .  Scane additional and independent 

type of observational data are  required t o  determine the entry angle. 

The observational data and Laboratory experiments on ring-wave diameter 

provide one such source of data: the pressure psf a t  the end of abla- 

t i on  was between 0.15 atm and 0.3  atm for  the high-ablation group. 

Shown on the V i ( Y i )  i n  figure 20(b) are  the l ines  of constant psf 

(for Rg = 1 cm) , from which the boundaries have been determined of the 

areas representing both too much pressure and too l i t t l e  pressure t o  be 

compatible w i t h  the observational data. (The value of psf i s  propor- 

t i o n a l  t o  the base radius within the narrow RB 

1.2 cm covered by the par t iculm austral i tes  investigated.) 

range of 0.8 cm t o  

A lower limit on the deceleration Gf which existed a t  the termi- 

nation of ablation, a s  noted ear l ier ,  i s  about 30 g for the Victoria 

aus t ra l i tes ;  and the 

i n  figure 21(a). 

Vi(Yi) area excluded by th i s  limit i s  sham shaded 

Vi(7i) point corresponding t o  the entry t ra jec-  !The 

tory may be anywhere in the region t o  the right and above the c;f = 30 g 

boundary. I n  essence, theref ore, the deceleration evidence shuws that 

the aus t ra l i tes  have not entered a t  very shall- angles, but t h i s  evidence 

does not shm hm steep the entry angle might have been. 

A determination of both the  entry velocity and angle is  achieved 

by superimposing on one 

by the combined aerodynamic evidence. 

Vi (7 - i )  p l o t  the various shaded areas excluded 

Such a plot ,  shown i n  figure 21(b) 

for  the high-ablation group, yields a diamond-shaped domain: t ra jec tor ies  
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within th i s  domain bounded by 10 CVi(km/sec) < 15 and 0.2 < s in  < 0.4 

(corresponding t o  12' < 7 i  < 25') wuld be compatible with the observa- 

t iona l  data on amount of ablation, ring-wave d i e t e r ,  and flange f la t -  

tening. 

tory tha t  i s  incompatible with one or  more of the  three types of evidence 

f o r  the high-ablation group of Victoria austral i tes .  

Any point exterior t o  th i s  domain would correspond t o  a t ra jec-  

Knowledge of an aus t ra l i te  entry trajectory determines the place of 

origin of the Australasian tekt i tes ,  fo r  it i s  a simple matter t o  t race 

an entry t ra jectory backwards. 

evidence i s  a t tes ted by the nuniber of hypotheses of t ek t i t e  origin which 

are excluded by it. 

been advanced by sc ien t i s t s  who were ei ther  unfamiliar with or unaware 

of the modern developments of atmosphere entry physics; and t o  this  date 

new theories are s t i l l  being casually suggested, and old ones tena- 

ciously promulgated tha t  manifestly a re  incompatible w i t h  aerodynamic 

evidence tha t  has been establishedby f l i g h t  and laboratory experiments. 

It is of significance, then, t o  i l l u s t r a t e  why the aerodynamic evidence 

The significance of t h i s  aerodynamic 

In  the past a magnificent variety of hypotheses have 

excludes hypotheses of origin which require e i ther  that the entry be 

too fast (extrasolar origin), too slow (Antartica origin or  origin 

from any nearby continent), too shallow (parent body hypothesis), or  

too steep (cometary focus-accretion hypothesis). A Vi(7i) plot  i s  pre- 

sented i n  figure 22 on which the domains of various hypotheses are shown 

i n  comparison t o  the domains delineated by the over-all aerodynamic 

evidence. 

I 

Computations f o r  the low-ablation group of Victoria austra- 

l i t es  a l so  are included on this  plot. Because of the effects  of preentry 



turning, harever, an upper l i m i t  on velocity cannot accurately be fixed 

for  t h i s  group. Consequently, instead of showing an upper-left boundary 

l i ne  for  the law-ablation group, i t s  domain i s  terminated by a gradual 

dimunition i n  shading as a reminder of these circumstances. From f ig-  

ure 22 it i s  evldent that  the aerodynamic evidence provides no support, 

and, i n  fac t ,  contradicts: 

since the required entry velocit ies are too high (greater than 16.7 km/sec); 

(2) the parent body ablation-drop hypothesis (Hardcastle (1926), O'Keefe 

(1.963)~ Adams (1963)), since the required entry conditions are i n  a th in  

s t r ip  adjacent t o  the overshoot boundary a t  entry angles much too shal- 

l o w  t o  be campatible w i t h  e i ther  the observed ring-wave spacing (especially 

on the law-ablation group) or the observed amount of flange f la t tening 

(equivalent t o  a c;r 
cometary focus-accretion hypothesis ( Iqt t le ton (1963)) , since th i s  requires 

that the entry be ver t ica l  in the range 6 < Vi(km/sec) < 10, a range which 

would not produce m e r e  near the amount of ablation observed on the 

high-ablation group; and (4) an origin from Antartica (Cohen (1962)), 

since such an origin also w o u l d  not produce the observed amount of abla- 

t ion.  Origin direct ly  frm the moon, hawever, would correspond t o  entry 

veloci t ies  s l igh t ly  above ll km/sec, and t o  any angle i n  the range 

0.07 < s i n  7i < 1 between the overshoot l i m i t  and ver t ica l  entry; and 

such an origin i s  campatible with the aercdynamic evidence. 

noted that the t ra jec tor ies  determined f o r  the 13 aus t ra l i tes  i n  the 

high-ablation group and the 26 i n  the law-ablation group are  much the 

(1) an extrasolar origin (Kohmas, 1958) 

of more than 45 g on sane aus t ra l i tes ) ;  (3) the 

It may be 



same as those determined previously (Chapman and Larson, 1963) from 

analysis of individual buttons i n  the Rnker collecticn, m d  that the 

end conclusion of lunar origin i s  precisely the same. 

In  regard t o  the hypothesis of t e k t i t e  origin from some place on 

earth, emphasis i s  placed on the mnstrous aerodynamic obstacle t o  

the f l i g h t  of l iquid drops through the atmosphere. 

r e su l t s  have shown that drops of fused material of t e k t i t e  size would 

be disrupted by an aerodynamic pressure d i f fe ren t ia l  no greater than 

that produced by a breath of air  blown from a man' s mouth (ibid. ,  p. 4321). 

Since it has been established that the t ek t i t e s  were formed molten, then 

cooled t o  a r ig id  s ta te ,  and l a t e r  entered the ear th ' s  atmosphere, an 

Our experimental 

extraordinary contradiction i s  encountered in  postulating that molten 

drops hve  flown unmolested through, and exited from, the earth's 

atmosphere with velocity sufficient t o  overspread Australasia. This 

contradiction, which has been discussed i n  greater de t a i l  previously 

(ibid. ,  pp. 4318-4321), constitutes the  most f'undamental aerodpmic evi- 

dence f o r  redecting the b ~ o t h e s i s  sf tektite origin f r m  the eart'n, o r  

from any other atmosphere shrouded planet. 

reported the detection of earth atmosphere gases i n  the bubbles of cer ta in  

t e k t i t e s  from Indochina and the Philippines, but this  does not mean that 

t e k t i t e s  were formed i n  the ear th 's  atmosphere; there is  no r e a l  evidence 

that the  atmosphere could not seep into such bubbles during the i r  many 

thousands of years on earth, while there i s  ample physical and observa- 

t i o n a l  evidence that molten tek t i tes  could not pass through the atmosphere. 

Recently Zghringer (1963) 

. 
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PART I11 - MOON TO EXKL!H TRAJECTORIES 

Inasmch as the physical evidence from aerodynamics points t o  the 

moon as the place of t e k t i t e  origin, and the petrographic evidence points 

t o  impact as the mechanism of t ek t i t e  formation, it i s  relevant t b  inves- 

t i ga t e  both the  probability of random trajector ies  going from the  moon 

d i rec t ly  t o  earth, and the geographic landing patterns which might be 

expected of lunar impact ejecta. 

the earth's projected area subtends a solid angle tha t  i s  only 1/15,000 

of the 4n steradians subtended by the en t i re  ce l e s t i a l  sphere. 

simple geometric consideration has long misled many sc ien t i s t s  t o  the 

expectation that t h i s  minute fraction would represent the approximate 

probability of h i t t i ng  the earth from the moon. 

diameter subtends a linear angle of only 2' from the moon, and t h i s  

simple consideration similarly has lead t o  the additimal expectation 

tha t  debris ejected fromthe moon would overspread the ent i re  earth 's  

surface, rather than cmly a limited fract ion o r  proportions ccm-,cr~~h,le 

t o  a t e k t i t e  strewnfield. 

by Verbeek (1897) as a possible source of tek t i tes ,  the intui t ive 

expectation immediately w a s  voiced by others that such an origin seemed 

too improbable t o  be reasonable. 

impact on the moon w a s  suggested by Nininger (1943) as the mechanism 

of sending the t ek t i t e s  t o  earth, the in tu i t ive  expectation was voiced 

tha t  such a mechanism would be incompatible w i t h  the  observed t e k t i t e  

distribution. 

without documentation by calculations of moon t o  earth t ra jector ies .  

From a vantage point on the moon, 

This 

Moreover, the earth's 

Shortly after the moon w a s  f i rs t  suggested 

Similarly, shortly a f t e r  meteoritic 

Recently Urey (1962) has voiced both of these expectations 
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In the sections which follow these intuit ive expectations are replaced 

by resu l t s  from d i g i t a l  calculations. 

No attempt is  made herein t o  compute moon t o  earth t ra jec tor ies  

t o  an astronomical accuracy. Instead the motion of a t e k t i t e  i s  com- 

puted fo r  a simplified earth-moon-sun model that i s  adequately r ea l i s t i c  

f o r  two limited objectives: (1) An evaluation of the probability of 

d i rec t  moon t o  earth t ra jec tor ies  and (2) a determination in the l ight  

of present knowledge about hypervelocity impact ejecta,  of the order 

of magnitude of earth a rea l  spread over which the principal portion of 

such ejecta  might land. 

approximations have been made: 

1/81.31 of earth mass) orbiting w i t h i n  the ec l ip t ic  plane i n  a c i rc le  

384,405 k m  distant from the ear th  (6378 km radius including atmosphere) 

For these limited objectives, the following 

spherical moon (1738 lun radius, 

which i s  revolving about an axis perpendicular t o  the ec l ip t i c .  

approximations are expected t o  yield good resul ts  insofar as concerns 

These 

such things as the probability of earth h i t s  from the moon, and the 

probability of various angles of entry into the atmosphere. The resul ts  

pertaining t o  earth landing patterns of lunar ejecta  are regarded as 

valid only as regards the order of magnitude of t h e i r  areal spread. 

precise patterns formed when lunar ejecta land on ear th  would depend 

The 

upon many things not considered in the  simplified model, such as the 

angle of the ear th 's  axis relat ive t o  the lunar plane ( t h i s  can vary 

+28O, +23O of which are due t o  the inclination of the ear th 's  polar 

axis  t o  the ec l ip t ic ,  and +5O of which are due t o  the inclination of 

the lunar orbi t  t o  the ec l ip t i c ) ,  and the l ibrat ional  motion of the 

moon (+To in lunar la t i tude and +8O in lunar longitude). 
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A novel feature of the present computations i s  the use of an 

analytical  aiming parameter in minimizing the computation time. 

random t ra jec tor ies  fromthe moon would wildly miss the earth, and these 

are readily determined in advance by computing, by a patched conic 

method, the geocentric perigee f o r  any given combination of lunar l a t i -  

tude cp, lunar longitude h, elevational ejection angle measured from 

the loca l  zenith, and azimuthal ejection angle 6 measured fromthe 

loca l  lunar east  (lunar "east" i s  taken as t rue  ce les t ia l  east ,  not the 

inverted east  often used by astronomers). "he machine program automat- 

i c a l l y  predetermines t ra jector ies  which would have a perigee far fromthe 

earth and computes i n  de t a i l  only those cases which w i l l  go t o  the gen- 

e ra l  v ic in i ty  of the earth.  

been pract ical  t o  make computations f o r  a number of craters and with a 

rather f ine  mesh of systematically varied increments i n  the elevational 

and azimuthal angles of ejection. 

Most 

With the use of t h i s  aiming parameter it has 

Probability of Direct Moon t o  Earth Trajectories 

Ten rather prominent rayed craters on the moon have been selected 

f o r  a study of moon t o  earth t ra jector ies .  

craters ,  and an arrow indicating the approximate direction in which 

e jec ta  would leave in order t o  have the greatest  probability of landing 

on ear th  are i l lus t ra ted  i n  the sketch of figure 23. 

are i n  maria, and four i n  continental areas. 

were followed fo r  each value of ejection velocity: 

angle P ,  the azimuthal angle 6 was varied f u l l  c i rc le  i n  5' increments 

(72 different 6 values), and P was then varied i n  5' increments from 

"he location of these lunar 

Six of these craters  

From each cra te r  504 "shots" 

a t  a given zenith 
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30' t o  60° ( 7  different P values). Eight values of the ejection 

velocity 

f o r  each crater  is  72X7X8 = 4032. 

VE were selected, so that  the number of t ra jec tor ies  studied 

A t  certain velocit ies the fraction of t ra jec tor ies  which goes 

d i rec t ly  t o  the earth i s  surprisingly large.  

Bruno and Strabo) it i s  as high as about 1/15, as may be seen from the 

probability curves presented in figure 24. 

greater than the value 1/15,000 assumed by Urey (1962), simply because 

of the large effect  of the ear th 's  gravitational f i e l d  in curving, then 

For some craters  (e  .g . , 

Such a value i s  very much 

focusing, and finally pulling t ra jector ies  into a col l is ion path with 

the ear th .  Only f o r  an in f in i te  ejection velocity would the fraction 

l/l5,000 be applicable, since i n  t h i s  extreme l i m i t  the t ra jector ies  

are straight lines, and intui t ive elrpectat ions of probability based on 

the solid angle subtended by the earth at  the moon's distance would 

become valid considerations. 

A calculation of the over-all probability, expressed as the mass 

fract ion of lunar crater  e jec ta  which lands on ear th  re la t ive t o  the 

t o t a l  mass which escapes the moon, can be made if  the variation of 

ejected mass % with ejection velocity i s  known. In  recent hyper- 

velocity impact experiments, Gault, Shoemaker, and Moore (1963) have 

determined t h i s  variation fo r  cratering i n  basalt. Their resul ts  i n  

the velocity range of interest  can be s-pproxiaated by Q poport ional  
n t o  VE , where n i s  approximately 3 .  Such a variation, when com- 

bined with the computational resul ts  of figure 24, yields the following 

values f o r  the integrated mass-average probability Pm tha t  lunar 

escape e jec ta  w i l l  go direct ly  t o  earth: 
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Pm , 
Crater percent 

Anaxagoras 0 -7  

A r  ist arc hus -13 

B T U I O  1.6 

copernicus -9 

Kepler .4 

Langrenus a 9  

h o c  lus -7  

Stevinus 1.5 

Strabo 1.6 

Tycho 1 .o 

Curiously enough, Bruno, which i s  situated on the back side of the moon 

(103O E selenographic longitude) has a probability as high as any of 

the c ra te rs  on the front  side. 

precariousness involved i n  employing intui t ive expectation, rather 

than d i g i t a l  calculation, i n  the study of moon t o  earth t ra jector ies .  

The average value of 

average value for  the ent i re  lunar surface i s  0.5 percent. 

value ww determined from computations wherein the lunar surface was 

divided into equal area meshes; the value of P was held constant a t  

45' and the 6 increments were 30' and 45' (these two 6 increments 

yielded similar r e su l t s ) .  

This provides a good example of the 

Pm f o r  the ten craters  is  0.9 percent, while the 

This l a t t e r  

It i s  emphasized tha t  t h i s  over-all lunar 

average of 

of l/l5,OOO which was obtained by neglecting the at t ract ion of the 

ea r th ' s  gravitational force.  This attraction resu l t s  i n  a strong 

geocentric focusing of t ra jector ies  leaving the moon. 

Pm = 0.5 percent, or 1/200, is  much higher than the value 



-49- 

To t h i s  author the most impressive example encountered thus far 

of the dominating effect  of the earth 's  gravitational f i e l d  la 

gathering up lunar e jecta  and focusing it into i t s  fold is  provided 

by the crater  Strabo. Fromthis crater, a t  an elevational angle 

P = 45' and a t  an ejection velocity VE = 2.55 lun/sec, a remarkably 

wide variation in azimuth angle can be tolerated without missing the 

earth: 

azimuth, from 

always landing in  a rather narrow belt  between 270 S and 41' N 

la t i tude as masured relative t o  the lunar plane. When such circum- 

stances are recognized, it should not be surprising, as shown in the 

section which follows, that a je t  of only several degrees dispersion, 

such as issues from hypervelocity impact craters,  would not spread a l l  

over the earth as has been intui t ively expected in the past .  

ejecta leaving anywhere within an angular di8persion of 45' in 

6 = 280° t o  6 = 325', goes d i rec t ly  t o  the earth, 

Geographical Spread of Lunar-Ray Ejecta 

Computations have been made of the approximate areal extent over 

which crater  e jecta  from a lunar ray would be distributed on the ear th 's  

surface. 

and €3, 

ear th  in the ht i tude range of Australasia. Both 6 and were then 

varied individually by constant amunts, aS = 2O and 4 3  = 2O, and addi- 

t i o n a l  computations made of the geographical pattern traced out fo r  

various ejection veloci t ies .  

A6 = 2' would encompass the angular spread of most lunar rays; and, 

For each of the ten  rayed craters,  reference values of p0 

were determined which would yield t ra jec tor ies  intercepting the 

An incremental dispersion i n  azimuth of 
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according t o  the available impact-crater experiments, an incremental 

dispersion in elevation of 

principal yortion of lunar crater  e jecta  tha t  lands on ear th.  

experimental resul ts  show that ,  as material spews from a crater,  the 

zenith angle P varies systematically with the  ejection velocity. In 

the velocity range 3.5 t o  2.5 km/sec, which encompasses approximately 

90 percent of the lunar-escape ejecta that lands on earth (see f i g .  24), 

h i s  experiments show 

than about 2'. 

AB = 2' would represent the spread of the 

Gault's 

P t o  be remarkably constant, varying no more 

These aircumstmces are  sketched below. The 2' incre- 

"E, 
kmhoc 

Range 
ojecto 

for 90% of lunar 
that lmda on oorth 

30 60 90 
Zenith angle l9 

ments selected f o r  angular dispersion of e jecta  from a tektite-producing 

event, therefore, correspond t o  observational evidence of lunar rays and 

t o  e w r i m e n t a l  evidence from hypervelocity cratering. 

It i s  not known how differences i n  scale, i n  impact velocity, and 

i n  ta rge t  material between a lunar impact and Gault's impact experiments 
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would affect  the over-all curve of VE versus P. Consequently, it 

is not assumed herein that the sane values of 

would ex is t  f o r  ejecta from the moon; but it i s  assumed that the same 

order of magnitude of the variation in p with VE, over the VE 

range of interest ,  would exis t  between the laboratory and the lunar 

P as measured by Gault 

Fnrpacts. 

Although the earth subtends an angle of about 2' from the moon, a 

dispersion of 2' in ei ther  

e jec ta  from one limb of the ear th  t o  the other, because of a focusing 

effect  of the ear th 's  gravitational f i e l d .  

i l l u s t r a t ing  the focusing effect  are presented in figures 27 t o  27. 

The solid curves indicate the landing paths traced oEt by the ejecta  

as the velocity is  continuously decreased while 

constant. 

tha t  a 2 O  variation in  

position only about 30° of arc, on ear th 's  surface, or  about one-sixth 

of the circumferential distance from limb t o  limb. For the craters  

ProcIus and Bruno ( f ig .  26) similar variations would spread ejecta  over 

a rather  narrow lati tude belt,  but over a wide s t re tch of longitude. 

For the cra te rs  Copernicus and Tycho the landing patterns are quite 

different  ( f i g .  27), and extend over an a rea l  spread no greater than 

the order of magnitude of the Australasian tekti te strewnfield. In 

general each crater  has i ts  individual landing pattern f o r  any given 

VE(P) relationship. 

axis t o  the lunar orb i ta l  plane, and of the precessionalvariation in 

t h i s  inclination, the true crater  landing pattern w i l l  vary with ejection 

6 or P ordinarily does not spread lunar 

Some representative resu l t s  

P and 6 are held 

For the craters  khxagoras and Strabo ( f ig .  25) it is  seen 

6 and p at the moon would displace the landing 

1 

However, because of the inclination of the ear th ' s  
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tinve during the lunar month, and with the ejection time during the 

26,000-par period of the earth 's  precession. 

ccp3n?utatians of landing patterns, which u t i l i z e  a simIplified earth-moon 

model, provj.de only a rough indication of the areal spread of lunar ray 

ejecta  over the surface of the earth. To this extent the above calcu- 

la t ions  are regarded as sharing that there is no basic inccqpatibil i ty 

between the order of lIlagnitude of the spread an ear th of Australasian 

tektites and that of 90 percent of the escape ejecta  f'rom a lunar ray 

that happens t o  leave the moon along a t ra jectory heading tarards earth. 

It is interesting t o  campare one qualitative feature of the landing 

Consequently, the present 

paths f o r  the various craters  with the corresponding feature deduced 

e a r l i e r  from studies of t e k t i t e  shape. A s  noted previously, the high- 

temperature portion of impact ejecta Landed i n  Australia, and the low- 

temperature portion i n  southeast Asia. Since the higher temperature 

material presumably would have been ejected a t  the greater velocity, it 

is  t o  be expected tha t ,  as  t ime progressed and the lunar ejection velocity 

decreased, the landing path of the Australasian t e k t i t e s  traced fromthe 

southerly la t i tude of Tasmania - northward through a t  l eas t  6 5 O  of la t i tude - 
t o  as far north as south China. 

25 t o  27 indicate the direction in  which ejecta  land as tim progresses 

and velocity decreases. 

ally southeastward; f o r  Proclus and Bruno g e n e r a w  eastward; for Copernicus 

generally westward; but for  Tycho generally northward through a t  l ea s t  the 

required 650 increment i n  latitude. 

gate i n  greater d e t a i l  the possibil i ty that the Australasian t ek t i t e s  

might be "tychtites . I' 

!be arruws on the sol id  curves in fagures 

For Anaxagoras and Strabo the traces sweep gener- 

It would appear worthwhile t o  investi- 
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In the foregoing, only that portion of the lunar escape e jec ta  

which goes d i rec t ly  t o  earth has been considered. 

basis, about 200 times as much material would m i s s  the  earth; and it 

is an important question t o  inquire about the ultimate fate of these 

misses. 

100 days (the arbi t rary time l i m i t  f o r  traJectory termination), about 

0.6 percent of these initial misses had returned t o  earth, about one- 

fourth were i n  geocentric orbi ts ,  and about three-fourths were i n  

heliocentric orb i t s .  The ultimatie fate of the geocentrics i e  eubject 

t o  the  progressive perturbations by the moon, whilp: that of the 

heliocentrics t o  those by the earth. 

computations t o  establish ~ t h  certainty the ultimate fate of the lunar 

escape ejecta  which misses. 

that l i t t l e  is  def ini te  at present except that, on a s t a t i s t i c a l  basis, 

the secondary returns t o  ear th  would amount at  leas t  t o  the same order 

On a s t a t i s t i c a l  

From the equal-area-mesh studies it has been found that, after 

It would require extensive d i g i t a l  

In t h i s  regard, it is the writers view 

of magnitude as the d i rec t  hits, and would be dispersed thinly over 

the en t i r e  earth's surface rather than concentrated over areas of 

continental proport ions . 
There are at  leas t  two reasons f o r  viewing w i t h  great skepticism 

the application t o  t e k t i t e s  of any resu l t  derived from statist ical  

considerations. F i r s t ,  t e k t i t e  producing events are rare:  the known 

events apparently span a period of over thirty-mill ion years and are 

too  f e w  i n  number (only three o r  f o u r )  t o  consti tute a good s t a t i s t i c a l  

sample. Second, it may not be common f o r  every ray from a crater ,  or  

f o r  every c ra t e r  on the moon, t o  send in to  space escaping e jec ta  that 

is similar t o  the particular t ek t i t e  var ie ty  which is  glassy, high in 

silica, and 1 cm t o  10 c m  i n  s ize .  The known tekti tes are capable both 
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of surviving atmosphere entry and enduring geological erosion; but 

other lunar ejecta  might not be. 

cally, l e t  us suppose tha t  the s i l i c a  content of portions of the lunar 

crust is not high, but i s  as low as basalt, and therefore would produce 

during an impact glass e jecta  of much lower viscosity than t e k t i t e  

glass. 

in to  objects of several centimeters size,  a J e t  of low silica glass 

would break up in to  much smaller objects, estimated t o  be of only 

several millimeters size.  

f irst  would be melted throughout during atmosphere entry and then 

would be broken up by aerodynamic forces into drops a fract ion of a 

millimeter i n  s i z e .  Thus, one would not necessarily expect any 

recognizable remnant on earth of low-silica lunar ejecta, except per- 

haps f o r  occasional minute glassy spherules tha t  managed t o  escape 

dissolution by geological etching; these might be d i f f i cu l t  t o  distinguish 

from cosmic spherules of other meteoritic origin. 

material related t o  the tek t i tes ,  but not yet recognized as such, may be 

distributed over the earth. 

To i l l u s t r a t e  t h i s  point more specifi-  

Then, whereas a j e t  of f’used t ek t i t e  mhterial would break up 

Objects of such small s i z e  and low viscosity 

Likewise s t i l l  other 

CONCLUDING REMARKS 

Four principal observational results have emerged from studies of 

Australasian t ek t i t e s  i n  various collections supplemented by experiments 

conducted i n  the laboratory. These observational resul ts  are  l i s t e d  

below, followed by a brief statement of the interpretations given t o  

them. 
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(1) Tekbites in southwest Australia are remarkably similar 

and essent ia l ly  indistinguishable from! those i n  the a i l i ~ ~ i r ? e s  

regard t o  t h e i r  external shape, t he i r  specific gravity population, 

and the i r  major element chemistry; yet are readily distinguished from 

tektites in southeast Australia on each of theae three counts. 

The interpretation of such observations is that separate portions of the 

same melt mixture have been strewn from the southwest portion of 

Australia t o  the Philippines. 

have been advanced tha t  the phi l ipphi tes  and the austral i tes  originate 

from different impact c ra te rs .  Furthermore, i n  the l ight  of the recent 

evidence from population polygons of specific gravity, and from the 

previous evidence of K-A age determinations, it is concluded tha t  all 

of the Australasian t ek t i t e s  originate from a single impact crater .  

This negates various hypotheses which 

(2) Australasian cores from Australia, Indonesia, and the 

Philippines exhibit the same external sculpture as tha t  obtained in 

aerodynamic ablation experiments wherein r ig id  tekti te-glass models 

of core s i z e  are exposed t o  high rates  of heat t r c s f e r :  -qm cool- 

ing, an aerothermal stress she l l  forms and spal ls  spontaneously from 

the outer surface leaving the characterist ic core shape. Shell-like 

fragmnts  from Java and Australia, with flow ridges on the convex 

side, exhibit the same internal  s t ress  patterns as fragments of 

aerothermal stress she l l  produced in  the laboratory. 

The obvious deduction from these observations is  that a l l  of the 

Australasian t ek t i t e s  descended i n t o  the  ear th 's  atmosphere in  the 

form of r ig id  glass  objects that were ablated by aerodynamic heating 

during the i r  hypervelocity f l i g h t .  Subsequent t o  their  fusion and 



- 56- 

I .  

formation by impact heating, therefore, even the largest Australasian 

tektites spent enough t h e  i n  space t o  cool by radiation t o  a r ig id  

state prior t o  entering the ear th 's  atmosphere and being subjected t o  

severe aerodynamic heating. 

the th in  aerothermal stress she l l  removes the principal aerodynamic 

evidence from the t ek t i t e ,  t h i s  offers an explanation as t o  where the 

wrodynamic evidence i s  f o r  most tekti tes,  and why such evidence has 

not generally been recognized in the past. 

mental evidence also constitute proof tha t  the worm-like grooves found 

selectively on the spalled front side of Australasian cores are not 

d i rec t ly  aerodynamic in  origin, but are  the resul t  of some t e r r e s t r i a l  

phenoxenon, presumably etching, which has acted selectively on the 

spalled surfaces a f t e r  the t ek t i t e s  landed on ear th .  

Inasmuch as the spontaneous spallation of 

"his observation and experi- 

( 3 )  "he primary shapes of Australasian t ek t i t e  cores change 

progressively from smoothly rounded figures of revolution, universal 

in southeast Australia, t o  an intermixture w i t h  increasing proportions 

of rather angular or  irregularly shaped objects i n  southwest Australia, 

Indonesia, and the Philippines. The prevalence of teardrop shapes 

and larger t ek t i t e s  in  southeast Asia relat ive t o  southeast Australia 

i s  i n  harmony with laboratory experiments which show that the larger 

s izes  and the'teardrop shapes are associated w i t h  an lncrease in the 

viscosity of the glass - corresponding t o  a decrease in temperature 

at the time of i t s  disruption. 

The interpretation given t o  these results is  that  the higher temperature 

portion of the crater  ejecta descended over southeast Australia and the 

lower temperature portions were strewn progressively over the areas of 



southwest Australia, then northward through Indonesia and on t o  the 

northern extremities of the Australasian strewnfield. 

(4) Thin sections of tektites when viewed under cross-polarized 

l igh t  clearly reveal that the depth of penetration of thermal stresses 

and the thickness of the aerothermal s t ress  she l l  is  considerably less 

f o r  javanites than it is fo r  austral i tes .  

From these observations it is  deduced that the javanites were subjected 

t o  higher ra tes  of heating fo r  shorter durations than were the austral i tes ,  

and have entered the atmosphere at steeper angles. 

In addition t o  the resu l t s  deduced direct ly  from the observations 

and experiments summarized above, t h i s  study has produced several 

resu l t s  from calculations of atmosphere-entry phenoEna and of moon t o  

ear th  t ra jector ies .  The r e l i ab i l i t y  of the ablation calculations, it 

should be noted, has been established by numerous experiments in the 

aerodynamic laboratory. A summary of the over-all  computational resu l t s  

i s  given below, followed by a brief interpretation of t h e i r  significance: 

(A) Calculations of the entry t ra jector ies  of Victoria 

aus t ra l i tes  as determined from the amount of ablation, the ring-wave 

formation, and the degree of flange f la t tening are  compatible with 

an origin from the moon; these calculations do not involve uncertainties 

about preentry turning, and they make allowances from direct  

experimental observations of the effect  of body forces on the ring-wave 

spacing* 

The obvious significance of a lunar origin, when viewed in the l ight 

of the  many chemical similarities between t ek t i t e  composition and average 

ear th  crust  composition, and in the contrasting l ight  of the diss imilar-  

i t i es  between the composition of the earth and other ce l e s t i a l  objects 

(namely, the meteorites and the sun), leads t o  the expectation tha t  
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the origin of the ear th 's  crust  and the mon's crust  6011lehow are intimately 

interconnected. This situation stands i n  evident contradiction t o  the 

p r h c i p a i  idea about the moon's origin as advanced by Urey (1962a and 

previous papers referred t o  therein),  who believes the moon t o  be a 

primary object composed of condritlc-like, not t ek t i t e  -like , material 

which long ago was accidentally captured by the earth.  

author sees no way of reconcilingthe aerodynamic evidence as t o  t e k t i t e  

origin with the expectations of geochemists who believe that the moon 

cannot possibly be the origin of t ek t i t e s .  

A t  present the 

(B) The calculated probability of lunar escape ejecta  going 

d i rec t ly  t o  the ear th  depends considerably on the velocity of ejection 

and the selenographic position of origin: 

high as 1/15 f o r  some craters  at some velocit ies;  on a basis of a 

mass average aver-all  velocit ies,  the probability is approximately 

1/60 f o r  these craters,  and 1/200 f o r  the ent i re  moon. 

the probability can be as 

The significance of such resul ts  i s  that they remove one of the 

objections'' t o  a lunar origin f o r  t ek t i t e s  which often has been raised I' 

hi the  past; namely, that the probability fo r  t ra jector ies  going from 

the moon direct ly  t o  the ear th  is too small. 

have yielded a value of approximately l/l5,000 f o r  t h i s  probability 

represent an oversimplifying premise of straight -line t ra jector ies ,  and 

yield a probability several orders of mgnitude too low because of the 

neglect of the dominating influence of the ear th 's  gravitational f i e l d  

in gathering in and focusing lunar escape ejecta  onto i ts  surface. 

Previous estimates which 



(C) A j e t  of material issuing from a lunar crater  within an 

azimuthal dispersion commensurate w i t h  the width ~f t h e  2aa- r q - s  

and within an elevational dispersion commensurate with tha t  indicated 

by recent impact experiments would be spread over a fraction of the 

earth's surf ace. 

The significance of t h i s  resul t  i s  t ha t  it eliminates another objection 

which often has been raised t o  the idea of a lunar origin of tek t i tes ;  

namely, t ha t  such an origin would be expected t o  spread crater  ejecta 

a l l  over the earth's surface rather than over dimensions comparable 

with those of the hown t e k t i t e  strewnfields. 

It i s  not suggested that a l l  questionable points about the idea of 

lunar t e k t i t e  origin can be explained adequately at  present. What ulti- 

mately happens t o  the  199/200 of the lunar escape ejecta  which does not 

d i rec t ly  h i t  the earth i s  unknown. The f a t e  of the misses is connected 

with the question of whether or not t ek t i t e s  are typical  of the lunar 

surface, o r  representative of only a fraction. Based upon the present 

evidencez it i s  expected th& ejecta ss f f ic ien t ly  l a w  iii s i i i ca ,  f o r  

example, would not be capable of forming large enough primary shapes, o r  

a glass high enough i n  viscosity, t o  survive atmosphere entry (except i n  

the  form of small droplets) .  

required t o  provide an adequate explanation of what the ultimate f a t e  i s  

Extensive d ig i t a l  calculations would be 

of the  lunar escape ejecta which i n i t i a l l y  misses the earth. The calcula- 

t ions made t o  date indicate that  at  l ea s t  the same order of magnitude of 

mass as tha t  which goes direct ly  from the moon t o  the earth w i l l  l a t e r  

be captured by the earth.  

dis t r ibuted essent ia l ly  uniformly over the earth's surface. To date, no 

Such secondary returns presumably would be 



rigorous documentation i s  known of s t ray material related t o  the Austra- 

lasiantel&it.es +,hat has Seen founci i n  a location tha t  i s  grossly removed, 

say, on the  opposite side of the ear th  from the areas of the known t ek t i t e  

strewnfields. But t h i s  circumstance does not mean tha t  such strays are 

not present on earth.  

From a synthesis of the over-all evidence a picture of the event 

and the processes which produced the Australasian t ek t i t e s  has been 

reconstructed as follows: The event was in t i t i a t ed  by the impact of a 

large meteoroid on the lunar surface which formed a crater  estimated 

from t o t a l  t e k t i t e  mass and probability considerations t o  be i n  the 

range from several t o  perhaps as much as 100-kilometers diameter. Two 

separate stages involving different physical processes are envisioned, 

both of which are  relevant t o  the formation of t ek t i t e s .  The first 

stage is  one of violence and intense pressure, i n  which various com- 

ponent rocks of the lunar crust are mixed, compressed, heated, and 

fused as they forcibly are moved in the same manner as a f lu id  is 

cl.cr..ed v5en az3jected t o  extremely high pressures. During t h i s  stage 

the  fused mass is  bounded on one side by a compressional wave propagating 

in to  the  lunar crust, and is accelerated en masse t o  high veloci t ies  

before leaving the crater.  Judging from impact experiments, masses of 

fused material are spewed in discrete j e t s  a t  various places around the 

circumference of the crater, w i t h  each j e t  being confined t o  a small 

a z h u t h a l  dispersion. The time scale of t h i s  intense pressure stage 

i s  the order of a second. 

greakest i n  the early portions of this stage, wherein the propagating 

It i s  pictured that the heating i s  the 

wave i s  strongest, and that ,  as the propagating wave decays and moves 
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material outward from the impact center, the intensity of heating and 

the velocity of injection progressively decrease. As soon 8s the fused 

material is  jetted from the surface of the moon, however, a second 

stage of physical processes begin, since t h i s  material is  then suddenly 

exposed t o  the vacuum of space. 

masses of m l t e n  material disrupt into myriads of blobs through the i r  

In the absence of external forces the 

own internal  eddying motions coupled with the disrupting processes of 

boiling, outgasing, and perhaps the shattering experience of passing 

f o r  a brief instant through a feeble blast of gases produced by vo la t i l i -  

zation in  the ear l ies t  stage of impact. Once launched into space, 

surface tension i s  the only constraining force tending t o  maintain the 

shape of a given mass of glass.  The duration of t h i s  second stage - 
the stage of blob formation and reshaping - would last the order of 

from lminute  t o  10 minutes, depending upon the size of the fused blobs. 

This stage would be terminated in space when the material solidified t o  

a r ig id  glassy state. 

determine the character of the primary shapes of the %d&Lf .e~ ,  

the  reshaping process takes place in  a vacuum, it i s  possible f o r  

essent ia l ly  perfect spheres, as well as other very delicate hollow forms, 

t o  be produced. It i s  pictured, therefore, tha t  the j e t  of material 

leaving the moon is  comprised of a t ra i l  of progressively varying shapes 

The processes taking place in  t h i s  second stage 

Sillze 

and s izes .  

were heated t o  the highest temperatures and given the highest velocit ies 

of ejection. 

at a somewhat higher viscosity and formed thereby less regular shapes 

that generally were larger than the spherical objects. 

A t  the head would be clusters of nearly spherical shapes which 

These would be followed by clusters  whichqere broken up 

These, in turn, 



were t r a i l ed  or  partially intermixed with the teardrop forms, and the 

large c h m  tek t i te  material, which r e p r e ~ e ~ t  the prJii01i with the 

lowest temperature and highest viscosity of formation of the group. 

The t r a n s i t  t h  during t rave l  from the moon t o  the earth would be the 

order of several days (2.5 days is a typica l  t im) and by t h i s  time 

the j e t  str ing,  which m y  have been only meters wide a t  the moon, would 

have been dispersed t o  transverse dimensions comparable t o  those of 

continents on the ear th .  The spherical forms would land first over 

the regions of southeast Australia and would be followed l a t e r  by 

landings of the less  regular primary shapes in southwest Australia and 

then s t i l l  l a t e r  by landings over Indonesia and northward on up t o  

southeast Asia and the Philippines. The angles of descent into the 

atmosphere would be much steeper f o r  the objects which f e l l  in Indonesia 

than f o r  those which f e l l  in southeast Australia. 

provides an explanation of how it is  possible f o r  one portion of a 

m e l t  m i x t u r e  t o  land Over southwest Australia and another portion of 

the same m i x t u r e  t o  land 5,OOO kilometers a ~ - y  iri Philippines; and 

it is  also easy t o  understand how it is possible f o r  the specific 

gravity populations in  Java and in Australia t o  be much closer t o  each 

other than are various populations in different  areas of Australia. 

It is t o  be noted from the trajectory studies presented herein 

that it also is  possible fo r  material t o  be ejected fromthe moon and 

exhibit the required over-all  landing pattern.  

Tycho, f o r  example, would spread fromthe southern lati tudes in  a 

generally north direction across the  equator t o  modest northerly latitudes 

as the  velocity of the ejected material decreases. 

Such a picture 

Ejecta f romthe crater ,  

Craters which exhibit 
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landing patterns of th i s  nature obviously warrant more detailed investi- 

gation as possible origins of the Australasian tektites. 
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APPENOIX A 

ANALYSIS AND EXPEBIMEXIAL EVALUA!TION OF EFFECT OF BODY 

FORCES ON RING-WAVE SPACING 

A r e a l i s t i c  experimental evaluation of the  dependence of ring-wave 

spacing on body forces requires that  both geometric s imilar i ty  and 

mechanical similari ty exist  between the wind-tunnel model and t he  tek-  

t i t e  In  f l igh t .  That geonietric similarity has i n  fact  been achieved i s  

c l e a  f’rom figure 14 wherein photographs of glycerin glass during abla- 

t i on  me compared with two austral i tes  (s.A.M. 625 from Charlotte Waters 

at t he  top, and U.M.G.D. 2575 from Tasmania below). 

experiments with glycerin glass were conducted by M r .  George Lee, who 

also has made measurements of t he  ring-wave spacing from photographic 

records of t h e  ablation process. That mechanical similari ty a lso has 

been achieved between wind tunnel and f l igh t  may be seen from a short 

computation of the  corresponding r a t i o  of body t o  aerodynamic forces. 

I n  keeping with the  established procedures of experimental aerodynamics, 

it i s  not necessary t o  duplicate the dimensional forces, but only the i r  

appropriate dimensionless ra t io .  

momentum equation for  the f lar ing g l a s s  layer 

These ablation 

The body forces appear solely i n  the 

which expresses the  balance of shear forces ( l e f t  side) with pressure and 

body forces ( r ight  side). In  t h i s  equation y i s  measured normal t o  the 

surface, x and the corresponding velocity component u a re  measured 
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para l le l  t o  t he  surface, p 

pressure, p the  glass density, and a i s  t h e  accelerational body 

force per unit mass; a = - C D P , V , ~ A / ~ ~  

t i c a l  wind tunnel blowing upwards, and a = +g 

where p, i s  t he  ambient air density, V, t he  f l i gh t  velocity, A the  

projected f’rontal area, m the  t ek t i t e  mass, and g the  emth gravita- 

t iona l  force per unit mass. 

i s  t h e  viscosity of the glass, p the  

i n  f l i gh t ,  a = -g i n  a ver- 

in one blowing downwards, 

The pertinent dimensionless r a t i o  of i n t e r -  

est  i s  

(2) 
- FB PaX - - = - -  - Body forces 

3 RF Aerodynamic forces FA 

In hypervelocity f l i gh t  

t i c a l  wind tunnels dp/dx z -2.2pmVm2x/(D/2)*, where I) is the  model 

. diameter, and where pmVm2 = 2(ps - p,) i n  subsonic flow. By making the  

dp/& z - ~ P , V , ~ X / R , ~ ,  and i n  our subsonic ver- 

various substitutions it follows tha t  

for hy-pervelocity f l i gh t  conditions 

for  wind-tunnel conditions blaring 
ver t ica l ly  upward 

A further substitution i n  equation (3) of the  appropriate numerical 

values of RF, m, and A for  the Victorian aus t r a l i t e  buttons of t he  s ize  

analyzed herein (base radius from 0.8 cm t o  1.2 cm) yields values of 

%/FA 

values of 

sign by inverting the  wind tunnel. 

i n  the  range from -0.4 t o  -0.6. For models i n  the  wind tunnel, the  

%/FA are  varied by varying (ps - pm), and are  reversed i n  

The two ablation configurations at the 



top l e f t  i n  figure 14 correspond t o  a %/FA r a t i o  of about -0.7 and -0.9, 

and represent somewhat ?!me severe bod$- forces than  is appropriate for  the 

Victoria buttons. 

t o  the  most extreme examples encountered among austral i tes ,  That the 

values of t h i s  pertinent r a t i o  i n  our wind-tunnel experiments corresponds 

t o  the  range encountered by the  austral i tes  might have been anticipated 

from the striking’congruence of geometric shape which has been achieved 

between these laboratcry experiments with glycerin glass, and the  product 

of t e k t i t e  f l i gh t  through the  atmosphere. 

similasity established we now axe i n  a position t o  evaluate with confi- 

dence the influence of body forces on the  ring-wave spacing. 

These particular conditions, however, would correspond 

With geometric and mechanical 

mer iments  on the  ablation of glycerin glass have been conducted 

i n  two wind tunnels: 

as i n  f l igh t ,  and one blowing ver t ical ly  downward producing 

Under such conditions the  r a t i o  FB/FA 

from -0.9 t o  +O.3, which includes both the range of Victoria aus t ra l i te  

buttons -0.4 < Y&’* < 4.6, arid t h e  range of our arc-jet  experiments with 

t e k t i t e  glass ablation -0.02 < %/FA < 0. In  figure 15  t h e  domain of the 

first ring wave, i n  terms of ps - p, 

( i n  hypersonic f l igh t  pa i s  negligible re la t ive t o  ps and customarily 

i s  disregarded, but i n  these law-speed wind-tunnel t e s t s  

one blaring ver t ical ly  upward producing FB/FA < 0, 

FB/FA < 0. 

has been varied mer the range 

DJRF, i s  plotted as a function of 

p, must be 

included). 

are seen t o  be vir tual ly  ident ical  for 

t he  values of RF and D produced during ablation w e  such t h a t  %/FA 

would cover the range from about -0.1 t o  0.1. Thus, i n  the range 

The two sets  of data for upward and downward directed streams 

ps - p, > 0.006 atm. I n  t h i s  range 



-0.1 < %/FA C 0.1 there i s  no measurable effect  of body forces on the  

first ring-wave diameter. The ~ c - J e t  d&a of figure 13, therefore, 

correspond t o  conditions of negligible body forces. A t  the  extreme left, 

portion of the data for  the  upward directed jet ,  t he  square data symbols 

at 0.0021 a t m  and 0.0020 a t m  correspond t o  the  two phatographs i n  f i g -  

ure 14 at  the  top and second from top, respectively. 

seen that these represent 

We already have 

FB/FA ra t ios  of -0.7 and -0.9, respectively. 

A t  t he  same values of ps - pa, the c i rc le  data symbols correspond t o  

FB/FA = +0.3. Values for  FB/FA = 0 would be i n  between. It follows 

t h a t  t h e  effect  of body forces i n  f l igh t  (FB/FA < 0) at  a given stagna- 

t i o n  pressure, i s  t o  produce ring waves of somewhat smaller diameter than 

i n  t h e  case of negligible body forces. The variation i n  FB/FA from 

+O.3 t o  -0.9 produces a contraction of ring-wave diameter which i s  equiv- 

alent t o  that produced when ps - p, i s  changed by about a factor of 

two. A conservative factor of 2.0 i n  pressure would more than account 

for  a variation from 0 of t h e  arc-jet  data t o  the  extreme of -0.6 f o r  the 

Victoria austral i tes ,  md such 8 fac ta -  is employed herein t o  obtain a 

lower l i m i t  on psf i n  f l i gh t .  



APPEWDIX B 

VAPOR PRESSURE OF TMTITE GLASS 

A t  the  Second h te rna t iona i  Tektite Symposium two greatly 

different views were expressed as t o  the magnitude of the  vapor pressure 

of t e k t i t e  glass. 

pressure relationship for  incipient bubbling of t e k t i t e  glass was deter- 

mined, and t h i s  interpreted as the vapor pressure. 

conducted at  the  Ames Research Center by M r .  F. Centolanzi, the  r a t e  of 

I n  a paper presented by Dr. L. Walter, the temperature- 

In  experiments 

vaporization of t e k t i t e  glass was measured re la t ive  t o  tha t  of s i l i c a  - 
a material whose vapor pressure i s  known t o  an accuracy adequate for  

ablation calculations. The tab le  which follows i l l u s t r a t e s  the  extra- 

ordinarily large difference between the  vapor -pressure function =%( b)  

determined from bubbling observations by Walter, and the vapor-pressure 

function pv(&) determined from ra te  of vaporization (mass loss, i~) meas- 

urement s by Cent olanzi . 

The differences between the  two functions are so great, i n  fact ,  tha t  

there  is  no d i f f icu l ty  i n  t e l l i ng  from ablation experiments which of t h e  

two i s  more appropriate for  use i n  ablation calculations. 

ent tests are made i n  t h i s  appendix by comparing calculated resul ts  for 

various vapor-pressure functions with experimental measurements of (1) the  

surface temperature during ablation, (2) t h e  ablation rate ,  and (3) the 

mass loss  during an ablation experiment. 

Three independ- 
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APPENDIX B 

VAPOR PRESSURE OF TMTITE GLASS 

A t  the  Second h terna t iona l  Tektite Symposium two greatly 

different views were expressed as t o  the  magnitude of the  vapor pressure 

of t e k t i t e  glass. 

pressure relationship for incipient bubbling of t e k t i t e  glass was deter- 

mined, and t h i s  interpreted as the vapor pressure. 

conducted a t  the Ames Research Center by M r .  F. Centolanzi, the  r a t e  of 

In  a paper presented by Dr. L. Walter, the temperature- 

I n  experiments 

vaporization of t e k t i t e  glass was measured re la t ive  t o  t h a t  of s i l i c a  - 
a material whose vapor pressure i s  known t o  an accuracy adequate for  

ablation calculations. The tab le  which follows illustrates the  extra- 

ordinarily large difference between the  vapor-pressure function =%( b)  

determined from bubbling observations by Walter, and the  vapor-pressure 

function &(A) determined from ra te  of vaporization (mass loss, &) meas- 

urement s by Cent olanzi . 

The differences between the  two functions a re  so great, i n  fact ,  tha t  

there  i s  no diff icul ty  i n  t e l l i ng  from ablation experiments which of t h e  

two is  more appropriate for use i n  ablation calculations. 

ent tes ts  are &de i n  t h i s  appendix by comparing calculated resul ts  for 

Three independ- 

various vapor-pressure functions wi th  experimental measurements of (1) the 

surface temperature during ablation, (2) the  ablation rftte, and (3) the 

mass loss during an ablation experiment. 



When t e k t i t e  glass suddenly i s  exposed t o  an arc-jet  stream, the  

surface tempers+ivre increaaes rapidjy with t i m e  and at ta ins  a steady-state 

value within about 6 t o  8 seconds. In our experiments (Chapman and Imson, 

1963) t he  energy radiated from the stagnation point was measured con- 

tinuously as a function of t i m e ,  and i s  presented here for convenience i n  

terms of the  equivalent black-body temperature, or "brightness" temperature, 

Tb, defined as T b  = ( ~ / c 7 ) 1 ' * ,  where Q i s  t h e  Stefan-Boltzmann constant. 

The actual surface temperature 

and the emissivity e ,  through the relat ion Tb = Twf114. During ablation 

Tw exceeds Tb by about 200' t o  300' C. For comparison with the  experi- 

Tw i s  related t o  t h e  brightness temperature, 

ments, calculations have been made fo r  a variety of vapor pressure functions, 

including various multiples of pV(i)  as well as the  function pv(b) 

determined by Walter. I n  the  table which follows measured values of Tb 

( t o  the  nearest loo) me compared w i t h  values computed for different vapor- 

pressure functions. The t e s t  conditions for  these experiments corresponded 

t o  stagnation conditions of: enthalpy 1370 cal/gm, pressure 0.35 a t m ,  

heating r s te  86 c ~ , ~ / c & s ~ c ,  anti radius of curvature 0.95 cm. 

Experiment a1  data Calculated resul ts  
Model Tb, OK vapor pressure %, OK 

STGlB 2010 0.1 %(&) 1950 
STGlA 1990 P;r(i) 1950 
A233-A 1860 10 pv(h) 1940 
A286 2020 mo Pv(W 1910 

1000 &(Ill) 1830 
Average 1970 PJb) 1530 

I n  comparison t o  the  average temperature measured, naslely l g O o  K, the 

values computed for vapor pressures within a factor of 10 from pv(&) are 

seen t o  be i n  reasonable agreement, but t he  values computed for  h ( b )  a re  
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about 440' too low. 

vapor pressure of tekti te glass, s h c e  t he re  is no possibil i ty fo r  an 

error i n  the  experiments as large as 440°. 

used i n  aerodynamic calculations of t e k t i t e  ablation, t he  computed 

temperatures will be much too low, the viscosity much too high, t h e  abla- 

t i on  much too small, and the mass loss by vaporization much too high. 

experimental measurements described below show tha t  these circumstances 

do i n  fac t  exist .  

This means that pv(b) i s  much higher than the  t rue  

Consequently, i f  pv(b) i s  

The 

Probably the  most important aerodynamic calculation, as f a r  as the  

determination of tektite entry t ra jector ies  i s  concerned, i s  the computa- 

t i on  of t he  rate of aerodynamic ablation. The available experimental data 

on t e k t i t e  ablation (Chapman and Larson, 1963) have determined the  rate of 

ablation for t e s t  conditions at the stagnation point of: 

cal/gm, pressure 0.24 a t m ,  heating r a t e  156 cal/cm%ec, and radius of 

enthalpy 2700 

curvature 0.95 cm. Measurements were made on 2 aus t r a l i t e  models, on 1 

r i z a l i t e  model, and on 1 model constructed of synthetic t e k t i t e  glass. A 

comparison i s  made i n  the  following h b l e  of the measured steady-state 

ablation rates with the  corresponding calculated values for the  different 

vapor pressure functions: 

Experiment a1 data Calculated results 

Model Qs/dt,  cm/sec vapor pressure dys /~ t ,  c d s e c  

AAlO 0.064 0.061 
,065 .058 

.032 

AAl-52 
R258 ,076 
ST72H .068 
Average .068 PJb) .020 

,047 



I n  comparison t o  t h e  average value of the measured ablation rate, namely 

0.068 m/sec, the calculated values for a vapor pressure of 0.1 pv(h) and 

of h(h) are i n  reasonably good agreement; that  is, within the  order of 

10 percent, but t h e  calculations for a vapor pressure of 10 h(h) or greater 

are i n  poor agreement with t h e  experiments. The vapor pressure of t e k t i t e  

glass, therefore, cannot be greater than about two or three times b(6). 

The calculated ablation rate i s  only one-third of t he  experimental value, 

and t h i s  is a direct proof that the  vapor-pressure function pv(b) w i l l  

y ie ld  grossly incorrect resu l t s  if used i n  aerodynamic calculations. ( A t  

t he  tekti te symposium E. Adams presented some ablation calculations based 

on &(b)*) 

The th i rd  test  from aerodynamic ablation experiments is  prwided by 

the  integrated amount of vaporization; t h i s  quantity readily is  measured 

by weighing a model both before and after an ablation experiment. Such 

measurements provide an excellent check on the  vapor pressure, since the  

rate of vaporization and t h e  mass loss vary sensit ively with the  vapor 

p x ~ ~ s m e .  fn our experiments, many runs the  order of 8-seconds duration 

w e r e  made and the  mass loss by ablation carefully measured. 

conditions for  these experiments were: 

0.37 a t m ,  heating rate 175 cal/cm%ec, and radius of curvature 0.95 cm. 

The test 

enthalpy 2330 cal/gm, pressure 

I n  making calculations of the mass loss for a given model it is necessary 

t o  make allowance for the  variation i n  vaporization r a t e  Over the front 

face of t h e  model. The r a t i o  of stagnation-point vaporization & t o  t he  

average vaporization rate &e was determined experiment- for models 

of s i l i c a ,  and t h i s  same r a t i o  applied for the models constructed of tek-  

t i t e  glass. Such a procedure yields results which are good t o  about a 
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factor of 2 i n  mass loss. In  the table  which f o l l m  the  experimental 

values of mass 108s LIZ ( i n  rnii i igrams) are  compared with the correspond- 
, -  

ing calculated values for  vazious vapor-pressure functions. 

Experiment a1  data Calculated resu l t s  

Model 
AAl4 

1 5  
21 
23 

s72v 
SMA 
SJU 
SlCA 
s7= 
Average 

Am, mg Vapor pressure Am, mg 
1.1 0.1 & ( x i )  0.1 

.6 Pv(lh) 2.1 

-9  100 &(lh)  31 
1.0 10 pv(h) 1 5  

1.4 
1.4 
1 . 3  
1.2 

.8 

1.0 P v b )  120 

I n  comparison t o  t h e  average value of mass loss,  namely 1.0 mil l igrams,  

it i s  seen tha t  the  computed value for the function 

t o  within the factor of 2 t o  which the measuremerrts a re  trusted. It i s  

a l s o  clear  tha t  computations based upon the  function 

zation ra tes  which m e  too  high by a factor of Over 100. 

pv(m) i s  i n  agreement 

b ( b )  yield vapori- 

These experiments 

show t h a t  the  correct vapor pressure t o  use i n  ablation claculations cannot 

be significantly greater than ~ ~ ( l h ) ,  and may be as much as a factor of 2 

or 3 less.* There i s  no chance tha t  in  our balance measurements 0.1 gram 

weights were mixed up with 0.001 gm weights. Aerodynamic calculations using 

the  vapor-pressure function b ( b )  obviously w i l l  be greatly i n  error. 

*For t h i s  reason computations of the lower boundary for  ys = 1.1 c m  i n  
figure 20(a) have been based on pv = 0.5 %(&), and the  upper boundary for 
ys = 1.3 cm on 9. = ~ ~ ( l h ) .  
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In  addition t o  the  

laborstory itieasurements 

three experimental tests provided by the  

of ablation phenomena, there i s  an observational 

test which is  significant t o  apply. Some of the  australite buttons were 

nearly perfect spheres before entry in to  the  atmosphere, and now possess 

a volume of flange material (melted during f l i g h t )  t ha t  nearly f i l l s  out 

t h e  volume of the  missing spherical segment i n  front of the  central  core 

(ibid. ,  f ig .  9 ) .  

and nut vaporization, was the  principal mechanism through which ablation 

proceeded during entry in to  the  atmosphere. As noted previously ( ibid. ,  

pp. 4431-4432), the  fraction of vaporized material re la t ive  t o  the  t o t a l  

ablated, as calculated for the  aus t ra l i te  entry conditions for  t he  vapor- 

pressure function pv(&), i s  the  order of 0.25 at the  stagnation point. 

This would correspond t o  the  order of 10-percent vaporization for  the 

en t i re  front face; tha t  i s ,  t o  ablation main ly  by melting - i n  agreement 

w i t h  t he  aus t ra l i te  evidence. 

vapor-pressure function pv(b), however, the  calculated proportiom are  

mer 99-percent vaporization (because b ( b )  i s  much too high) and less  

than 1-percent melting. 

hence, calculations about the  entry t ra jector ies  of t he  austral i tes  which 

are based upon the  vapor-pressure function %(b) w i l l  be grossly 

unreal is t ic  

From them observations, it i s  cer ta in  tha t  melting, 

If the calculations are made for  the  

Such calculated resul ts  manifestly are incorrect; 

I n  the  author's view there  is  a rather simple physical explanation 

why the bubble-pressure function h ( b )  bears no relat ion t o  the  t rue  vapor 

pressure of t e k t i t e  glass. It i s  t o  be remembered tha t  Walter determined 

pv(b) by observing the pressure temperature conditions under which bubbles 



begin t o  appear i n  t e k t i t e  glass; t h e  gas which w a s  forming the  bubbles 

was not analyzed. B A b l e s  formed as t e k t i t e  glass i s  heated need not be 

composed of t e k t i t e  vapor; i n  f ac t ,  t he  f irst  ones formed a r e  not expected 

t o  be composed of t e k t i t e  vapor, but a r e  composed, instead, of the gases 

which have been dissolved within the  glass and which begin t o  come out of 

solution as the  glass is  heated. U,nder such circumstances, t he  observa- 

t i o n  of bubbles forming i n  t e k t i t e  glass would be no more significant t o  

the  boiling temperature of t ek t i te  material than the  observation of bubbles 

forming i n  soda water would be t o  t h e  boiling temperature of water. 
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Figure 1.- Distribution of Australasian tekt i tes .  

Figure 2.- Temperature distribution along axis of symmetry for various 

times after ablation terminates i n  f l igh t ;  V = 11 km/sec, yi = 30'. 

Figure 3 .  - Thin sections in  cross polarized l i gh t  of models ablated by 

aerodynamic heating compared with natural  t ek t i tes :  a, b, c, syn- 

the t ic  tektite glass; d, e, javanites from Sangiran; f aus t ra l i te  

from Nullarbor Plains. 

Figure 4.- Half spallation of aerothermal s t ress  shell .  

Figure 5 . -  Nearly complete spallation of aerothermal s t ress  shell .  

Figure 6. - Australasian cores with smoothly curved base and complete 

spallation of aerothermal s t ress  she l l  (A  = W.A.M. 4455 from Lake 

Yealering, western Australia; B = U.S.N.M. 77761 from Billiton; 

P = U.S.N.M. 1915 from Isabela, Philippines). 

Figure 7 . -  Fragments of aerothermal s t ress  s h e l l  from Java. 

Figure 8.- Thin sections i n  cross ~o la r i zec?  light reveaiing stresses i n  

aerothermal stress shel l :  a, synthetic t ek t i t e  glass model STG-2X; 

b, aus t r a l i t e  fragment S.A.M. 743 from Nullarbor Plains; c, synthetic 

t e k t i t e  glass model STG-2V; d, javanite fragment from Sangiran. 

Figure 9.- Thin sections of Australasian t e k t i t e  cores i n  cross polarized 

l igh t :  

c, phil ippinite U.S.N.M. l 9 l O  from Santiago, Isabela; d, phil ippinite 

a, aus t ra l i te  from Lake Wilson AN22; b, b i l l i t on i t e  BN4; 

U.S.N.M. 1906 from Santiago, Isabela. 

Figure 10.- Tektites from concentration centers. 
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Figure 11.- Side views of Australasian t e k t i t e  cores. 

(From left t o  right:  Tap row, N.M.V. E196 I&e ’W’aiiac-e, N.M.V. 16869 

Apsley, N.M.V. E1955 Kanagulk, G.B. core Port  Campbell, N.M.V. 5205 

Mortlake,N-M.V* 52ll Byaduk, G O B .  1070 Port C q b e l l ,  a l l  loca l i t i es  

In  Victoria; 

Second row, W.A.M. 3491 Corrigin, W.A.M. lo671 Bullaring, W.A.M. 

10643 M t .  Barker, private collection from near Narembeen, W.A.M. 

12123 near !4xLtadgin, private collection from Kulin, W.A.M. 12074 

near Woyaling, a l l  loca l i t i es  i n  southwest par t  of western Australia; 

Third row, U.S.N.M. - 1908, - 1915, - 1910, - lgw,  - 1910, - 2043, - 
1914, a l l  from Santiago, Isabela; 

Bottom row, N.A. BN-1, U.S.N.M. 77761, R.G.M. st20838, R.G.M. 

St9669, R.G.M. St20837, N.A. &-4, R.G.M. S t2W4. )  

Figure 12.- Dependence of p r m r y  form on glass viscosity at  breakup. 

Figure 13.- F i r s t  ring wave diameter from aerodynamic ablation experiments 

on t e k t i t e  glass. 

Figure 14.- Ablation of glycerin glass mder mi-ying r a t i o  of body force t o  

aerodynamic force . 
Figure 15.- Effect of body forces on diameter of f irst  ring wave; glycerin 

glass. 

Figure 16.- Variation of ring wave diameter with amount of ablation; 

Victoria austral i tes .  

Figure 17.- Australites not aerodynamically orientated a t  termination of , 

ablation. 

Figure 18. - Three views of aus t ra l i te  with ring waves on both sides 

(S.A.M. 431; Kalgoorlie area).  
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Figure 19.- Flange flattening with increasing deceleration. 

Figure 20. - Entry conditions fo r  high-ablation group of Victoria austra- 

l i t es  as determined from ablation and ring-wave data. 

Figure 21.- Entry conditions f o r  high-ablation group of Victoria austra- 

l i t e s  as determined from deceleration and coxtibined data. 

Figure 22.- Comparison of aerodynamic t ra jectory evidence f o r  Victoria 

austral i tes  with various hypotheses of t ek t i t e  origin. 

Figure 23.- Ten rayed lunar craters investigated. 

Figure 24.- Probability of direct  moon t o  earth t ra jector ies .  

Figure 25. - Landing paths fo r  2' variation i n  lunar azimuth ( 6 )  and zenith 

( 8 )  ejection angle; Anaxagoras and Strabo. 

Figure 26. - Landing paths f o r  2O variation i n  lunar azimuth ( 6 )  and zenith 

( P )  ejection angle; F'roclus and Bruno. 

Figure 2'7. - Landing paths fo r  2O variation i n  lunar azimuth (6)  and zenith 

( 6 )  ejection angle; Copernicus and Tycho. 
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